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Abstract 
Efficiency of traditional solar panels is known to be very low and hence necessitates the 
use of extensive open spaces for producing solar-based electric power.   In solar 
roadways concept, open spaces such as roads, parking lots, bicycle lanes, footpaths are 
proposed to be utilized.   An in-depth quantitative feasibility study for implementing solar 
roadways in Canada is carried out considering the total available surfaces, solar panel 
efficiency and effects of fast moving shades.  The load carrying capability of 
commercially available materials for the solar panel top cover is studied in an effort to 
examine the current as well as near-future implementation of this proposed concept.  In 
addition, a piezo-based auxiliary energy harvesting system is proposed for harnessing the 
vehicle-induced strain on the solar panel top cover.  The positions of the piezoelectric 
elements are optimized by studying the vibration characteristics of the top cover via 
numerical as well as experimental methods.  
Keywords: 
Solar Roadways, fast moving shades, solar panel top cover, vibration characteristics, 
energy harvesting. 
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Chapter 1 
1 Introduction and Review of Literature 
1.1 Motivation 
Global warming has become one of the most complicated issues faced by the world in the 
present century, and has resulted in a drastic change in the climate all over the world in 
recent years.  The climate change has been observed via the instrumental temperature 
record, rising sea levels, and decreased snow cover in the Northern Hemisphere. These 
undesirable changes may be attributed to the large amount of carbon dioxide released into 
the earth’s atmosphere. The industrially developed nations are often made to take 
responsibility for these changes as they have been emitting the greenhouse gases without 
any restriction starting from the days of industrial revolution.  Hence, Canada, in 
particular, the province of Ontario is recognized as one of the industrially advanced North 
American provinces, has a duty to protect the natural environment and to reduce the 
emission of greenhouse gases.   
Increase in the use of renewable energy resources has been considered as one of the 
primary  solutions to reduce the global warming. Different types of renewable energy 
resources such as solar, wind, ocean and geothermal energy resources are available 
abundantly. Among all these renewable energy resources, solar energy is the only 
resource available all over the world abundantly and distributed more evenly. Hence 
developing technologies to use this solar energy will be the most appropriate at these 
transition times.  
In order to overcome the relatively low efficiency of the solar panels, significantly large 
amount of open spaces are required in the photovoltaic solar panel applications for the 
production of  electricity to meet the present energy demands.  However, availability of 
large open spaces is on the decline near the urban areas and hence the solar panels can 
only be installed in remote areas, which may result in huge energy losses while 
transporting electricity.  The low efficiency of the solar panels as well as the necessity to 
deal with the transmission losses  makes the use of solar panels a non-viable economical 
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option to produce electricity.  In order to make the solar power a viable economical 
option, open spaces that are available closer to the highly populated (high energy 
demand) areas must be identified.   Hence, it is proposed that open spaces such as the 
roads, parking lots, bicycle lanes, footpaths etc. be utilized for this purpose.  In order to 
use these open spaces for producing electricity using solar panels, recently, the concept of 
solar roadways have been introduced. The concept of solar roads has now emerged as a 
strong contender where the solar energy collectors can be incorporated directly in the 
design of highway infrastructure and the energy can be transferred directly through the 
available grids or sent to storage facilities for later use. Thus, the primary objective of 
this research is to investigate the feasibility of this novel idea keeping in mind the long 
term sustainability while giving importance to safety and performance.  In an effort to 
ascertain the feasibility, the present study will consider important factors such as roadway 
surface material durability/performance, solar panel efficiency and various losses 
involved in this system as well as ways to overcome them.  At present, the solar road 
project is primarily being spearheaded by a US-based company ‘Solar Roadways Inc.’ [1] 
in association with some academic institutions. 
There are many advantages in following up the development of this technology which is 
expected to yield major contribution to the current global energy requirement.  Hence, by 
using solar roadways, huge amount of carbon dioxide produced by the power plants can 
be reduced to a considerable level which can prevent global warming. Also, the 
dependence on nuclear power plants can be reduced and the nuclear disasters like the one 
recently occurred in Japan can be avoided. The electric vehicles produced now by various 
automobile manufacturers are meant for short range i.e. they can only travel up to few 
hundred kilometers after which the batteries need recharging.  With solar roadways, road 
side charging stations can be developed so that the electric cars can be recharged. Thus, 
the dependence on gasoline can be reduced and hence the contribution to the greenhouse 
effect by automobiles can be reduced.  The solar roadways technology can also help the 
countries whose economy is largely affected by the price rise of oil.  This technology can 
also lead to the development of ultra-modern intelligent highway systems which consists 
of LEDs for painting the road lanes from beneath the surface in order to make the roads 
visible during the worst driving conditions.  Further use of this power can be utilized in 
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developing temperature sensitive heating elements to prevent snow/ice accumulation 
during the extreme winter climates, and microprocessor boards for control and 
communications. With this form of arrangement, the potential applications are numerous, 
and should this technology matures, these forms of possibilities would be endless.   
One of the primary limitations in employing this technology is in finding a suitable 
material that can substitute the glass cover on the solar panels.  This material must have 
the desirable properties to withstand the load of vehicles moving over the panel while 
providing sufficient traction between the road surface and the wheels.  Hence, a study is 
required for investigating the load carrying capability of the commercially available 
materials for the solar panel top cover. This study needs to be based on the stress as well 
as the deflection analysis, and a platform when developed may aid further development 
of a suitable panel cover for this application.  The specific losses that are involved in this 
technology such as the fast moving shade effect due to the vehicles moving over the solar 
panels must also be identified and the effects must be addressed in the analysis.  Other 
environmental and technical  factors such as solar cell temperature and uncertainty in 
solar irradiation that can influence the solar panel output also need attention in an effort 
to understand the effects on overall power output.  In order that this technology can be 
implemented in the near future, it is desirable that an auxiliary energy harvesting system 
be developed for this application.  The need for such a system is seen in additional power 
production for compensating the various energy losses associated with the solar panel.  
1.2 Literature Review 
1.2.1 Requirement for alternative energy resources 
Ontario Power Generation (OPG) has five thermal power stations with a total power 
generation capacity of 5447 megawatts [2]. The fuels for the thermal power plants in 
Canada are coal, oil or natural gas.  According to the Ontario Clean Air Alliance (OCAA) 
report, thermal power plants in Ontario are the major source for polluting environment. 
OPG’s coal power plants produce 40 percent of the total carbon dioxide emissions in 
Ontario [3]. In order to reduce the environmental pollution, OPG is making an effort to 
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phase out the coal fuelled power plants in the near future. Thus, there is a need to find an 
alternate source of energy for electricity production.   
1.2.2 Fast moving shade effects on solar panel              
Solar panels have an average efficiency between 15 to 17 percent, when operating under 
standard test condition (STC) with solar irradiance of 1000 w/m
2
, air mass coefficient of 
1.5 and the cell operating temperature of 25° C [4]. For many years, studies have been 
conducted to improve the efficiency of the solar panels to convert the sunlight falling on 
them into electricity. One of the main causes for the drop in the electricity produced by 
the solar panels is the shade that falls over a solar panel. The effects of shade over the 
solar panels have been studied through both software and experimental simulations. The 
effects of non-uniform solar irradiance distribution on output of the solar panel array 
have been studied by Engin et al. [5] and they proposed a model to analyze the 
photovoltaic array with sufficient degree of precision and also demonstrated that the 
proposed model does not increase the computational effort, when the size of the 
photovoltaic array analyzed are increased.  Achim et al. [6] have studied the effects of 
partial shading on photovoltaic arrays and have identified that partial shading is one of 
the main causes for reduction in the energy generated by the grid connected photovoltaic 
systems. M.C. Alonso et al. [7] have simulated the shade effect in arrays with different 
cell configuration and proposed the best configuration to minimize the effects of partial 
shading. L. Cortez et al. [8] have studied the effects of random changes of solar radiation 
on the energy generated by the solar panels. Ramaprabha [9] has simulated the effect of 
partial shading on a series and parallel connected solar photovoltaic module using 
PSPICE and concluded that the effects of partial shading on the photovoltaic cells of a 
parallel connected photovoltaic module is less when compared to that of a series 
connected module. It may be noted that all of the above studies performed on the effects 
of partial shading over the photovoltaic arrays have identified partial shadowing as one of 
the main causes for the reduction in the energy generated by the photovoltaic systems.  
Shade effects on solar panel considered in the above studies are primarily attributed to the 
obstructions caused by buildings or trees when the sun light falls over the solar panels. 
These shades are always found to be dependent on the position of the sun and hence the 
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effects of these shades remain for a sufficiently long period.  Another type of shade effect 
already studied for the solar panels are the shades caused due to stains over the solar 
panels by the collection of dust [10] or due to the collection of snow over the solar 
panels. The above studies provide some insight into the methods and models that can be 
used for the present study to be carried out on the Solar Roadways application.  However, 
in the present application, the shade effects due to vehicles moving over the panel is 
considered to play a more significant role and hence given more prominent attention.   
This class of shades can be considered as ‘fast-moving’ as opposed to the shades studied 
in the previous studies are that ‘slow-moving’.  The present study on the solar roadways 
application hence focuses on the former knowing that the effects due to the latter can 
always be added when there is a need for inclusion.     
1.2.3 Material for the solar panel top cover 
One of the main problems in implementing the solar roadways system is in the material 
selection for the top cover of the solar panel. It is quite obvious that the material selected 
for the top cover must possess sufficient structural strength to take on the vehicle load 
moving over it while possessing surface properties similar to those of roads, so that the 
vehicles moving over it will have sufficient traction to move and stop safely in slippery 
conditions like rain and snow.  Scott Brusaw of Solar Roadways attempted to partner 
with the researchers at the Pennsylvania State University’s Materials Research Institute to 
develop a glass that can be used as a top cover for the solar panels of solar roadways 
application [11].  As part of this study, Material scientist John Hellmann of Pennsylvania 
State has stated that glasses can theoretically be made to have a very high strength, 
provided that they are manufactured with extremely reduced flaws.  At present,  glasses 
are being made available for many structural applications following this approach.  
Further, Richard Brow of Missouri University of Science and Technology  states that the 
glass can be strengthened by compressing its surface using special heating technique or at 
a molecular level. These glasses are found to be ten times stronger than the normal 
glasses [11].  Since this material technology is at its infancy, for solar roadways 
application, commercially available materials and their ability to take on the load of 
vehicles moving over a typical panel cover is analyzed first in an effort to develop a 
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simulation platform that can be used when such a material becomes available 
commercially. 
1.2.4 Piezoelectric energy harvesting system 
Energy harvesting is a process that absorbs small amount of energy that would otherwise 
go as waste in the form of heat, light, sound, vibration or movement and converts them 
into a useful form of energy [12]. Energy harvesting methods are mostly employed for 
improving the efficiency of the system. Piezoelectric materials are a type of energy 
harvesting materials. In the recent past, significant research efforts have gone into 
studying the use of piezoelectric materials for absorbing the mechanical energy and 
converting into electrical energy.  Recently, two MIT students demonstrated that the 
piezoelectric material can be implanted in the floors where more people walk over and 
that the force generated by people walking over these floors can be harnessed to produce 
electricity. This energy harvesting system has been used in the dance floors of the clubs, 
where 5 to 10 watts of electricity is generated by an individual dancing on the floor [13]. 
East Japan Railway Company conducted an experiment to produce electricity by 
installing piezoelectric elements in the floors of its Tokyo station, where people pass 
through the gates. They extracted an output of 1400 KW per second by covering an area 
of 25 square meters [14].  Innowattech energy harvesting systems developed a 
technology to convert the mechanical energy of the vehicles passing over the road into 
electrical energy by laying piezoelectric elements below the asphalt surface of the roads 
[15].  Hence, this form of piezoelectric energy harvesting system appears to be a 
promising contender for the solar roadways application.  In the present study, such an 
attempt will be made to harness the strain energy produced at the solar panel top cover 
support interface to produce electricity. 
1.3 Thesis Aims and Outline 
1.3.1 Thesis Aims 
The research described in this thesis is directed towards implementation of solar roads 
and investigation of the associated challenges.  For the purposes of achieving this 
objective, the following steps have been considered: 
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 A detailed analysis on the feasibility of implementing solar roadways concept in 
Canada is to be carried out.  The primary purpose of this study is to provide 
quantification of the amount of electricity that can be generated by covering the total 
available road surfaces with solar panels.  The predictions are to be then compared with 
the current electricity demand for Canada.  
 The effect of fast moving shades over the solar panels of solar roadways system 
and various other losses are to be studied via simulation.  PSpice software is selected for 
this purpose and conditions these solar panels are  subjected to in real life are to be 
included in the simulation study.  For simulation purposes, various vehicles such as 
tractor semi-trailer, full size car and intercity bus moving over the solar panel are to be 
considered. These simulation results need to be validated in the laboratory employing 
commercially available solar panels.  For this purpose and for future experimentation in 
this area, a LabVIEW based data acquisition system is to be developed.  
  The load carrying capability of the commercially available materials for the solar 
panel top cover is to be studied numerically.   COMSOL Mulitphysics software to 
conduct this numerical study together with the possibility of predicting the required 
material properties are to be examined.  It is proposed that the weight of a truck, a car and 
a motorbike be used in the analysis as important case studies. This study is envisaged to 
aid investigation of the feasibility of material to be developed for the solar panel top 
cover in the near future. 
 Investigation of a piezoelectric based auxiliary energy harvesting system is to be 
conducted for the purpose of harnessing the strain energy available at the solar panel top 
cover support interface.  The strain is expected to be generated from the vehicles moving 
over the top cover.  A procedure for optimizing the locations of piezoelectric elements in 
the solar panel to increase the efficiency of the energy harvesting system is to be 
developed via COMSOL Mulitphysics software as well as vibration experiments.  
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1.3.2 Thesis Outline 
In the present chapter, the research which will be presented in the following chapters has 
been introduced and relevant literature is reviewed. In chapter 2, a detailed discussion on 
the feasibility study for the Solar Roadways application in Canada is presented.  This 
analysis is performed by calculating the amount of electricity that can be generated by 
covering all the road surfaces with solar panels and comparing it with the electricity 
demand for Canada. The effects of fast moving shades on the solar panels studied via 
simulation are documented and discussed in Chapter 3.  The numerical results obtained 
via PSpice software for various vehicular cases have been validated experimentally in the 
laboratory considering a typical shade moving over a solar panel array built from 
commercially available solar panels.  Other factors which affect the efficiency of the 
solar panels are also discussed in this chapter.  In chapter 4, a typical commercially 
available material that can be used for building solar panels for the solar roadways 
application is studied. The difference between the maximum load taken by this material 
and the maximum load that needs to be taken up by future solar panels for solar roadways 
application is compared using the COMSOL Multiphysics software. A procedure to 
systematically perform a preliminary analysis of any material to be developed for the 
solar panel top cover is also developed.  In Chapter 5, a piezoelectric based auxiliary 
energy harvesting system to harness the strain energy due to vehicles moving over the 
solar is investigated.  A procedure for optimizing the locations of piezoelectric elements 
in the solar panel to increase the efficiency of the energy harvesting system is developed 
via COMSOL Mulitphysics software as well as vibration experiments. In Chapter 6, the 
main results of this thesis are summarized and topics for future research are identified.  
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Chapter 2 
2 Feasibility study for Canada 
2.1 Introduction 
In this chapter, an analysis for predicting the feasibility of implementing Solar Roadways 
in Canada is carried out.  This analysis primarily provides quantification of the amount of 
electricity that can be generated if the total available road surfaces are covered  with solar 
panels, while comparing the total possible energy output with the current electricity 
demand for Canada.  The discussion also gives an insight into province-wide solar 
roadways energy availability break-down.  Further, the predictions assume the use of the 
most efficient solar panel that is available in the market while considering mean daily 
global insolation data for each province. 
2.2 Length of Roads 
Total length of roads available in each province of Canada is calculated using the data 
taken from the Applied Research Associates report submitted to Transport Canada [16].  
This data gives a reasonable estimate on the total area of open spaces that are readily 
available in Canada for the Solar Roadways application.  In order to find the total length 
of available roads, freeways, arterial roads, collector roads and local roads under  federal, 
provincial and municipal jurisdiction levels are taken into consideration.  It is worth 
mentioning that in addition to these available roads, open spaces such as parking lots, 
rooftops, foot paths, cycle paths and bridges which are readily available in the vicinity of 
places where people live can be covered with solar panels, so that the losses due to the 
long distance transmission of the electricity can be reduced.  As there are not enough data 
available on these open spaces, only the roads are taken into consideration for the present 
predictions.  Total length of roads available in each province of Canada is shown in Table 
2-1. 
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Table 2-1 Lengths of roads in each province of Canada 
Province Total length of roads available in each 
Province (km) - Two lane equivalent 
Alberta 56240.5 
British Columbia 12516 
Manitoba 18693 
New Brunswick 18027.6 
Newfoundland & Labrador 9721.5 
North western territories  2183 
Nova Scotia 25239.6 
Nunavut N/A 
Ontario  19661 
Prince Edward Island 40.7 
Quebec  89706 
Saskatchewan  198691 
Yukon 4788 
Total 455507.9 
 
It may be noted that in the data provided in Table 2-1, municipal road details for the 
Newfoundland & Labrador, Prince Edward Island, New Brunswick, Ontario, Manitoba 
and British Columbia provinces are not found in this report [16].   Further, as indicated in 
the table, details of Nunavut province were also not found in this report and hence not 
considered in the analysis.  However, for the province of Ontario in addition to the length 
provided in Table 2-1, the total length of the available municipal roads is taken as 51770 
km based on the data provided in the 2003 Ontario Municipal Roads report [17].  The 
average widths of roads in Canada based on the Road Rehabilitation Energy Reduction 
Guide for Canadian Road Builders report [18] are considered as 3.67 m (12 feet).  Based 
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on the above data, the total area in the form of roads available for conversion into Solar 
Roadways is estimated to be 3522 km
2
. 
2.3 Selection of solar panel 
Solar panels for the calculation purpose are selected based on their efficiency to convert 
the sunlight falling on them into electricity.  According to The Windsor Square news 
report, the most efficient solar panel available in the Ontario market at present are the 
solar panel manufactured by Windsor’s Unconquered Sun solar technologies which has 
an efficiency of 16.0% [19].  Thus Windsor 250
TM
 poly solar panel is selected for the 
present calculations.  The specifications for the Windsor 250
TM
 poly solar panel at 
standard test conditions [20] is given in Table 2-2.  The specification for the solar panel is 
based on the standard test conditions (STC) of solar irradiance 1000 w/m
2
, air mass 1.5 
and the cell operating temperature of 25° Celsius [4].  
 
Table 2-2 Specification of the Windsor 250
TM
 solar panel 
Maximum Power 250W 
Tolerance of Maximum Power ± 5% 
Open circuit voltage 37.2V 
Maximum Power voltage 30.1V 
Short circuit current 8.87A 
Maximum Power current 8.30A 
Module Efficiency 16.0% 
Type of cells Polycrystalline silicon 
Cell configurations 60 in series 
Dimensions (Length x Breadth x Height) 1644mm x 972mm x 50mm 
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2.4 Mean daily global insolation 
Insolation (also known as solar irradiation) is a measure of the solar radiation received by 
a given area over a given period of time [21].  The unit used for insolation is either 
MJ/m
2 
or kWh/m
2
.  The mean daily global insolation will give a measure of total solar 
energy available in each province of Canada.  In order to calculate the amount of 
electricity that can be produced by the solar panels, the solar insolation data for each 
province are required, so that the calculated amounts of electricity that can be produced 
by the solar panels are closer to the actual electricity that will be produced under real 
environmental conditions.  The mean daily global insolation values given in Table 2-3 for 
each province are obtained from the photovoltaic maps published by Natural Resources 
Canada [22] shown in Figure 2-1. 
For the purpose of evaluating the mean daily global insolation, the following factors have 
been taken into consideration: 
 
 Solar panel orientation is treated as horizontal for this case, as they are going to be 
placed on roads. 
 Period for which the mean daily global insolation is considered is annual. This 
consideration is made as we require data for calculation purposes only. The period 
can also be considered on a monthly or daily basis instead of annual, for more 
accurate calculations. 
 Maximum and minimum available mean daily global insolation value as depicted 
in Table 2-3 are taken into consideration, so that an upper and lower bound 
estimate of the amount of electricity that may be produced by the Solar Roadways 
system can be predicted. 
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Figure 2-1 Mean daily global insolation map for Canada taken from Natural Resources 
Canada 
Table 2-3 Mean Daily Insolation Data for each province in Canada 
Province 
Mean Daily Insolation (kWh/m
2
) 
Minimum   Maximum 
Alberta 3.3 4.2 
British Columbia  2.5 3.3 
Manitoba  3.3 4.2 
New Brunswick  3.3 4.2 
Newfoundland and Labrador 2.5 3.3 
North western territories 2.5 3.3 
Nova Scotia  3.3 4.2 
Nunavut 2.5 3.3 
Ontario  3.3 4.2 
Prince Edward Island  2.5 3.3 
Québec  2.5 3.3 
Saskatchewan  3.3 4.2 
Yukon 2.5 3.3 
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2.5 Energy produced in each province based on selected parameters 
Based on the available length and width of road for each province, total area available for 
converting into Solar Roadways is calculated.  Then based on the average daily sun peak 
hours (i.e. number of hours in a day a location will have solar irradiation of 1000 watts 
per square meter), total sun peak hours available for a year in each province is calculated. 
Finally, based on the calculated area, total yearly sun peak hours in each province and 
using the data form the selected solar panel, the energy that can be produced in each 
province by solar roadways is calculated and shown in Table 2-4. 
Thus a total of 7.98 x 10
5
 GW-hour of energy per year can be produced in Canada, by 
covering all the roads available with the solar panels based on the maximum yearly 
insolation value, while an amount of 6.23 x 10
5
 GW-hour of energy per year based on the 
minimum yearly insolation value.  Known that the electricity usage in Toronto is 25000 
GW-hour of energy per year [23], it may be estimated that Solar Roadways if 
implemented in Canada will be able to supply power to maximum of 32 or minimum of 
25 cities similar in size to Toronto. 
Figures 2-2 and 2-3 show the total area available as roads in each province and the energy 
produced by covering all these roads with solar panels.  These figures show that the 
provinces Saskatchewan, Québec, Alberta and Ontario are the top four provinces which 
can benefit maximum from the Solar roadways system.  
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Table 2-4 Total energy produced from Solar Roadways in Canada 
Province 
Total 
Road 
Length 
(km) 
Total 
Area  
(km
2
) 
Yearly insolation 
(kWhr/m
2
) 
Total energy produced 
(kWhr) 
Max. Min. Max. Min. 
Alberta 112481 411.41 1533 1204.5 9.85 x 10
10
 7.74 x 10
10
 
British 
Columbia  
25032 91.56 1204.5 912.5 1.72 x 10
10
 1.30 x 10
10
 
Manitoba  37386 136.74 1533 1204.5 3.27 x 10
10
 2.57 x 10
10
 
New 
Brunswick  
36055.2 131.88 1533 1204.5 3.16 x 10
10
 2.48 x 10
10
 
Newfoundland 
and Labrador  
19443 71.11 1204.5 912.5 1.34 x 10
10
 1.01 x 10
10
 
North western 
territories 
4366 15.97 1204.5 912.5 3.00 x 10
09
 2.27 x 10
09
 
Nova Scotia  50479.2 184.63 1533 1204.5 4.42 x 10
10
 3.47 x 10
10
 
Nunavut N/A N/A 1204.5 912.5 N/A N/A 
Ontario  91092 333.18 1533 1204.5 7.97 x 10
10
 6.27 x 10
10
 
Prince Edward 
Island  
81.4 0.30 1204.5 912.5 5.60 x 10
07
 4.24 x 10
07
 
Québec  179412 656.22 1204.5 912.5 1.23 x 10
11
 9.35 x 10
10
 
Saskatchewan  397382 
1453.4
6 
1533 1204.5 3.48 x 10
11
 2.73 x 10
11
 
Yukon 9576 35.03 1204.5 912.5 6.59 x 10
09
 4.99 x 10
09
 
Total 962785.8 3521.5   7.98 x 10
11
 6.23 x 10
11
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Figure 2-2 Total area available as roads in each province to be covered by solar panels 
 
 
Figure 2-3 Energy produced in each province by the Solar Roadways system 
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2.6 Summary 
In this chapter, a feasibility study for a Solar Roadways system in Canada has been 
conducted by calculating the total area available in the forms of roads and total amount of 
electricity that can be generated by covering these open spaces with solar panels.  Based 
on the maximum and minimum values of available insolation, energy produced in each 
province has been calculated.  It is clear that the electricity generated just by covering all 
the roads in Canada with the solar panels, would be sufficient to meet the power demands 
of 32 cities similar in size to Toronto. Saskatchewan, Québec, Alberta and Ontario are the 
top four provinces which can benefit maximum from the Solar roadways system. 
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Chapter 3 
3 Power output variation due to panel and environmental 
influence 
3.1 Introduction 
The effect of shades on solar panels has been studied through software or experimental 
simulations in the recent past in an effort to maximize solar panel output.  However, the 
shade effects on solar panel considered have been limited to the obstructions caused by 
buildings or trees to the sun light falling over the solar panels.  These types of shades 
always depend on the position of the sun.  The effect caused by these shades remains for 
a very longer duration and hence considered to be quasi-static in nature.   The effects 
caused by the shade on the electricity production of solar panels will be present for hours 
to days. Shading over 5% of the area of the solar panel can reduce output power to as low 
as 50% [24].  However, in Solar Roadways application, in addition to the cases studied 
above, vehicles moving over the solar panels cause fast moving shades to appear over the 
panels.  Typically it is expected that the effect of these shades on the electricity 
production by solar panels will be present for only a few seconds depending on the speed 
of the vehicle moving over it.  Hence in solar roadways application it is necessary to 
study the effect of this form of shades.  In the present study, PSpice software has been 
employed to simulate the effects of fast moving shadows on the solar panels and these 
results are justified by simulating the similar conditions experimentally. 
3.2 PSpice 
The name PSpice is an acronym Personal computer Simulation Program with Integrated 
Circuit Emphasis. Spice was originally an open source electronic analog circuit 
simulator, developed at the University of California [25].  PSpice has been developed 
from Spice and it can be used for both analog and digital circuit simulation.  In the 
present study, a popular version of this software Cadence PSpice A/D has been 
employed. In this software, programs which symbolize the equivalent electrical circuit of 
the solar panel are synthesized and their outputs have been studied for various typical 
inputs.  Thus these programs can be used to simulate the response of solar panel output, 
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without the need of building the complete real electrical circuits.  In this analysis, 
equivalent electrical circuit of the solar panels are modeled using the simple current 
source, voltage source, diodes and resistors that are available in the PSpice library and the 
effect of shades on the output of the solar panels have been quantified. 
3.3 Equivalent electrical circuit of the solar panels 
Equivalent electrical circuit for the solar panels [26] is shown in Figure 3-1.  The solar 
irradiance received by the solar cells is given as an input current to a voltage controlled 
current source.  This is based on the equation  
       
    
    
  ,           3-1 
where    represents the photocurrent, G denotes the solar irradiance in W/m
2
, and      
the short circuit current of the solar module measured under a standard test condition [4]. 
(The standard test conditions for the solar panels are solar irradiance value of 1000 W/m
2
 
and the solar cell temperature of 25°C and an air mass coefficient of 1.5) 
 
Figure 3-1 Equivalent electrical circuit model for solar panels 
In the equivalent electrical circuit model for the solar panels shown in Figure 3-1, a series 
resistor RS, shunt resistor RSh and diode D are also included.  The series resistor included 
in the model represents the series resistive losses which are present in the actual solar 
panels.  These losses are caused primarily due to the movement of current generated by 
the solar cells through the emitter and base of the solar cells and partly due to the contact 
resistances [27].  A series resistive loss reduces the fill factor (Fill factor is the ratio of 
actual maximum obtainable power to the product of open circuit voltage and short circuit 
RSh 
 RS 
D 
    IL 
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current) and the short circuit current of the solar cells.  In order to include shunt resistive 
losses which are present in the actual solar panels, a shunt resistor has been included in 
the model.  It may be noted that shunt resistance is also referred to as parallel resistance. 
Shunt resistive losses are caused in the solar cells primarily due to manufacturing defects 
present in the solar cells.  Shunt resistive losses are also known to be larger when the 
sunlight falling over the solar cells are at low levels. In practice, it has been realized that 
it is difficult to produce an ideal IV characteristic in this class of devices.  In order to 
overcome this, a diode is included in the equivalent electrical circuit model.  Thus, the IV 
characteristics of the equivalent electrical circuit of the solar panel is based on the 
equation  
         ( 
     
     )   
     
   
  ,                   3-2 
where I is the output current from the solar cell,    is the dark saturation current (i.e. 
diode leakage current density in the absence of sunlight [27]), V is the voltage across the 
output terminal,    and     are the series and shunt resistance respectively, n is the diode 
ideality factor which is a number between 1 and 2 and VT is the thermal voltage 
depending upon the absolute temperature T in kelvin.  
Short circuit current for the equivalent electrical circuit model of the solar panel is given 
by substituting V = 0 (i.e. the output voltage is being set to zero) in the IV characteristic 
equation 3-2: 
           ( 
     
     )   
     
   
            ,                               3-3 
where     is short circuit current of the solar panel. 
Open circuit voltage for the equivalent electrical circuit of the solar panel is obtained by 
substituting I = 0 (i.e. the output voltage is set to zero) in the IV characteristic equation 3-
2. It is known that the open circuit voltage is independent of the series resistance value 
and also the shunt resistance value [26].  Hence those terms involving the series and 
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shunt resistance value in the IV characteristic equation 3-2 can be neglected, to obtain the 
expression for the open circuit voltage Voc: 
          (  
  
  
)                  .                                 3-4 
In a typical solar panel, several solar cells are connected in series and parallel.  In order to 
model a solar panel into an equivalent electrical circuit, some assumptions have to be 
made.  The shunt resistances of the solar cells are assumed to be larger, so that its effects 
can be neglected, and the photo generated current IL is assumed to be equal to that of the 
short circuit current Isc of the solar cell [26].  The scaling rule for a solar panel where the 
number of cells in series is Ns and number of cells in parallel is Np results in: 
       ,                  ,               3-5a 
             ,                                ,                  3-5b                      
    
  
  
      ,                                                              3-5c                 
where the subscript M stands for the solar panel module and while variable without the 
subscript M represents the parameter associated with a single solar cell. 
3.4 Selection of solar panel for PSpice model 
Parameters associated with Kyocera solar panels are obtained from the manufacturer 
specifications and are employed for synthesizing the PSpice equivalent electrical circuit 
model. Kyocera is considered as one of the early solar panel manufactures and 
commenced their research in solar energy back in 1975.  They have developed one of the 
most efficient and cost effective solar panels available at present market.  For both 
PSpice simulation and experimental comparison of results, Kyocera KD135SX-UPU 
solar panel was used.  These panels are made of crystalline silicon solar cells.  These cells 
are permanently encapsulated between a tempered glass cover plate and a back sheet 
which is secured in an aluminum frame [28].  Specifications of the Kyocera KD135SX-
UPU solar panel under standard test conditions are given in Table 3-1. 
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Table 3-1 Specifications of Kyocera KD135SX-UPU solar panel 
Maximum Power (Pmax) 135 W 
Tolerance of Maximum Power ± 5% 
Open circuit voltage (Voc) 22.1 V 
Maximum Power voltage  17.7 V 
Short circuit current (Isc) 8.37 A 
Maximum Power current 7.63 A 
Dimensions (Length x Breadth x Height) 1500mm x 668mm x 46mm 
 
3.5 Verification of solar panels power and IV specification via PSpice 
analysis  
In the equivalent circuit modeled for the solar panel in PSpice, shunt resistance is 
neglected and diode ideality factor is considered to be unity. The results from the 
simulation in PSpice has been used to verify the tested specification of the selected solar 
panel given in Table 3-1.  The Voltage – Current (VI) characteristic curve and the power 
curve generated in PSpice are shown in Figures 3-2 and 3-3 respectively.  In voltage – 
current (VI) characteristic curve the open circuit voltage is the voltage obtained when the 
current in the circuit is zero and the short circuit current is the current obtained when 
voltage in the circuit is zero.  The peak value in the power vs. voltage curve gives the 
maximum power.  The open circuit voltage, short circuit current and maximum power 
obtained from the figures is 22.47V, 8.37A and 136.8W respectively and conforms to the 
solar panel specification given in Table 3-1.  This demonstrates that the properties of 
equivalent electrical circuit model for solar panel in PSpice and the actual solar panel  
match closely with an error of about 1 to 2%. 
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Figure 3-2 VI characteristic curve from PSpice analysis of the selected Kyocera 
KD135SX-UPU solar panel 
 
Figure 3-3 Power vs. Voltage curve from PSpice analysis of the selected Kyocera 
KD135SX-UPU solar panel 
 
𝑰𝒔𝒄  
𝑽𝒐𝒄 
𝑷𝒎𝒂𝒙  
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3.6 Shade effect analysis 
In analyzing the effects of shades caused by the vehicles moving over the solar panels, 
the speed of the vehicle and the length of the vehicle are the two most important factors 
to be considered for calculating the time for which the shade will be present over the 
solar panels.  In the present analysis, three types of vehicles are considered namely, a 
tractor semi-trailer, an intercity bus and a full size car.  All three types of vehicles are 
considered to be travelling at a steady speed of 13.889 m/s (50 Km/hr).  At the beginning 
of the simulation the solar irradiance is considered to be at 1 KW/m
2
 which is the 
standard test condition parameter.  As the vehicle starts to move over the solar panels, 
area of the solar panel covered with shade will increase and when the solar panel is fully 
covered by the vehicle, solar irradiance received by the solar cells is considered to reach a 
value close to zero.  The solar irradiance value remains at zero for a few seconds as the 
length of the vehicle is larger than the length of the solar panel considered for the 
analysis.  It is expected that condition will cause a sudden drop in power output from the 
solar panel.  When the vehicle starts to move away from the solar panel, area of the solar 
panel covered with shade is expected to decrease and corresponding solar irradiance 
value received by the solar cells is expected to increase and to reach the value of 1 
KW/m
2
.  When the vehicle completely moves away from the solar panel, the power 
output from the solar panels is expected to increase and to reach its full output level. 
3.6.1 Time calculation 
Based on the speed and length of the vehicle travelling over the solar panel, time taken by 
the vehicle to cross over the solar panel is calculated.  For all of the time calculations, the 
length of the solar panel is considered as 1500 mm. when speed at which the vehicle 
moves over the solar panel is considered as 13.889 m/s (50 km/h), the time taken by the 
vehicle to move over solar panel can be calculated and are tested in Table 3-2.   
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Table 3-2 Time taken by the vehicles to cross over solar panel 
 
Tractor semi-
trailer 
Intercity bus Full size car 
Speed 13.889 m/s 13.889 m/s 13.889 m/s 
Vehicle length   23 m 14m 4.9m 
Total time to cross 
solar panel 
1.77 sec 1.126 sec 0.471 sec 
Time for complete  
solar panel cover 
0.11sec 0.11sec 0.11sec 
Time duration for  
complete solar panel 
cover 
1.534 sec 0.890 sec 0.235 sec 
3.6.2 Results from PSpice 
In the present study on the shade effect caused by vehicles moving over the solar panels, 
analysis is performed between 0 to 10 seconds and at the 6
th
 second of the analysis the 
vehicle starts to pass over the solar panels.  At this instant, the output terminal voltage of 
solar panels is at 35 volts and this condition is taken as a general consideration for all the 
cases.  Also when the solar panels are fully covered by the shade, the amount of sunlight 
falling on the solar panels is taken as zero.  Further to study the effect on multiple panels, 
two solar panels each with an output of 135W are connected in series.  At any given 
instant only one panel is covered by the moving shade while the other panel receives full 
sunlight.  It may be noted that in practice the shade may not cover the solar panels fully 
and the sunlight level may not exactly reach zero.  However for analysis purpose these 
simplifications are made.  As expected, the PSpice simulations show that the shade 
caused by a vehicle passing over the solar panel, will cause a sudden drop and rise in the 
power output from the solar panel as depicted in Figures 3-4 to 3-6.  This sudden drop 
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and rise in the power output, depends mainly on the speed and length of the vehicle.  As 
the speed of the vehicle increases the time duration between the drop and rise of the 
power output will start to decrease.  Similarly, as the length of the vehicle increases, the 
time duration between the drop and rise of the power output will start to increase.  It is 
worth pointing out for the solar roadways application, the system that is required to 
connect the power produced by the solar panels to the grid, must be capable to work with 
these rapid fluctuations in the power due to fast moving shades.  The simulation study 
presented in this study provides an insight into the required power conditioner design. 
 
Figure 3-4 Power vs. Time curve (shading effect caused by a car moving over the solar 
panel with a velocity of 50 km/hr.) 
 
Figure 3-5 Power vs. Time curve (shading effect caused by a tractor semi-trailer moving 
over the solar panel with a velocity of 50 km/hr.)  
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Figure 3-6 Power vs. Time curve (shading effect caused by an intercity bus moving over 
the solar panel with a velocity of 50 km/hr.)   
3.6.3 Experimental study of the effects of fast moving shade 
An experimental study to compare the PSpice simulation results obtained for the fast 
moving shades on the solar panels is carried out.  This experiment is conducted inside the 
laboratory by simulating typical real life conditions of what the solar panels laid on the 
roads for the Solar Roadways application will face, when a car moves over it.  The 
experiment is conducted inside the laboratory so that all of the conditions that the solar 
panel could face, such as varying intensity of the light, position of the light, speed with 
which the car is travelling over the solar panels can be simulated inside the controlled 
environment. 
 
 
Figure 3-7 Experimental setup for fast moving shade analysis 
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3.6.3.1 Experimental setup 
As shown in Figure 3-7, for the experiment two solar panels of KYOCERA KD135GX-
LFBS each with a maximum power output of 135W were selected.  In order to simulate 
the sunlight, two 1000 watts portable halogen lights were used.  A multifunction data 
acquisition system PCI-MIO-16E-4 along with LabVIEW software is used.  The DAQ 
card with 16 analog input channels has a sampling rate of 500kS/s and bipolar input 
range of ± 5V.  The data acquired from the experiment are stored in a computer for future 
analysis.  As the data acquisition system has a limitation of handling ± 5V and each solar 
panel has an open circuit voltage of 22.1V, suitable voltage divider circuits are employed.  
                             
a) Two solar panels connected in series    b) Single solar panel 
Figure 3-8 Voltage Divider circuit to reduce the voltage for DAQ     
Figure 3-8 (a) illustrates the voltage divider with two resistors of value 100 k ohms and 
10 k ohms, used for two solar panels connected in series.  While Figure 3-8 (b) depicts a 
voltage divider with two resistors of value 50k ohms and 10k ohms, used for a single 
solar panel.  For simulating a moving car, two sizes of cardboard sheets are used.  This is 
mainly because of the space constraint in using a larger size cardboard sheet, when two 
solar panels are connected in series.  These sheets are moved manually between the 
halogen light and the solar panels, in order to simulate the car moving over the solar 
panels and blocking the sunlight falling on it. 
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3.6.3.2 Experiment 
In order to suitably compare the results from the PSpice two types of experiments are 
conducted.  In the first experiment, one KYOCERA KD135GX-LFBS solar panel and 
two 1000 watts portable halogen lights were used.  For representing a car moving over 
the solar panels a card board sheet of length equal to the length and width of the solar 
panel is moved at a speed of 0.611 m/s (2.2 km/hr.).  Voltage divider circuit as shown in 
Figure 3-8 is used to reduce the voltage output from the solar panel to below 5V, so that 
the output from the solar panels can be recorded in the computer using the pc based data 
acquisition system and the LabVIEW software. 
In the second experiment, two KYOCERA KD135GX-LFBS solar panels are connected 
in series and two 1000 watts portable halogen lights, one for each panel were used.  For 
representing a car moving over the solar panels, a card board sheet of length 0.8m and 
width of 0.49m is moved over the solar panel at a speed of 0.611 m/s (2.2 km/hr.).   
Voltage divider circuit in Figure 3-8 is used to reduce the voltage output from the two 
solar panels connected in series to below 5V, so that the output from the solar panels can 
be recorded in the computer using the pc based data acquisition system and the LabVIEW 
software. 
3.6.3.3 Comparison of results 
Figure 3-9 shows the power vs. time curve obtained in the first experiment.  The 
maximum power output from the solar panel, is 69W.  This low power output is mainly 
due to the low intensity of the artificial lights used to simulate the sunlight.  The power 
output from sunlight can be clearly seen in the Figure 3-3 where the maximum output 
from the solar panel has been shown to be 135W when simulated in the PSpice with a 
solar irradiance of 1000 W/m
2
.  In Figure 3-9 the fall and rise in the power output from 
the solar panel has taken 5 seconds, primarily due to speed at which shade moved over 
the solar panel in the experiment.  The output from the solar panels reached 15W the 
lowest value when the solar panel is fully covered.  Although a value of zero is expected 
for the output power when the panel is fully covered, small amount of light that leaks 
through the sides create a minimal power of 15W.  In comparison, Figure 3-4 obtained 
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via PSpice the output from the solar panels reached closer to 0W when the solar panel 
was fully covered.  Further the energy loss of approximate 55J is present for a solar panel 
used in the experiment, when it is fully covered with shade.  But in the PSpice simulation 
there is an energy loss closer to 110J is observed, when it is fully covered with shade.  
This difference in the energy loss may be attributed to the difference in the solar 
irradiance level used in the PSpice and in the experiment. 
Figure 3-10 show the power vs. time curve for the second experiment.  The maximum 
power output from the solar panel, is 120W.  This low power output is mainly due the 
low intensity of the light, from the artificial lights used to simulate the sunlight.  This can 
be clearly seen from Figure 3-4 obtained via PSpice were the maximum output from the 
solar panel has been shown to be 270W when simulated in the PSpice with a solar 
irradiance of 1000 W/m
2
.  The energy loss of approximately 25J is present for the solar 
panels used in the second experiment due to shade.  But in the PSpice simulation there is 
an energy loss was roughly 250J, when it is covered with shade.  This difference in the 
energy loss is mainly due to the difference in the solar irradiance level used in PSpice and 
the experiment.  In experiment the solar panel was only partially covered with shade, but 
in PSpice simulation the solar panel was fully covered with shade. 
 
Figure 3-9 Power vs. Time curve for a single solar panel covered by a moving shade 
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Figure 3-10 Power vs. Time curve for two solar panels covered by a moving shade 
 
Figure 3-11 Power vs. Time curve from PSpice for a single solar panel covered by a 
moving shade in PSpice 
Figures 3-11 and 3-12 are the results from PSpice, simulated under the conditions similar 
to the conditions in the experiment.  In this simulation the solar irradiance value has been 
reduced to match the value of the light intensity of artificial lights used in experiment and 
the speed of the vehicle moving over the solar panels were also reduced in PSpice to 
match the speed of vehicle used in experiment. 
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Figure 3-12 Power vs. Time curve from PSpice for two solar panels covered by a moving 
shade  
3.7 Temperature effects 
The operating temperature of the solar cells at standard test condition is 25° Celsius [4]. 
Only at this temperature the efficiency of the solar cells to convert the sunlight falling 
over it into electricity is at its maximum.  For every degree Celsius increase in 
temperature, there will be 0.44% decrease in the maximum power output of the solar cells 
[30]. Figure 3-13 show the output from the solar panels when the cell temperatures are 
25° Celsius and 50° Celsius.  It can be clearly seen from the figure that, the output from 
the solar panels have decreased from 135W to less than 120W with the increase in 
temperature from 25° Celsius to 50° Celsius.  But in Canada, the temperature goes above 
25° Celsius only during the months of summer.  In all the other months the temperatures 
are well below the 25° Celsius mark and are sunny, which is most suitable climatic 
conditions for the solar panels.  This will make the Solar Roadways applications even 
more suitable for Canada. 
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Figure 3-13 Power vs. Voltage curve from PSpice for a selected Kyocera 
KD135SX-UPU solar panel at 25° C and 50° C 
3.8 Power fluctuation due to panel and other environmental influence  
Apart from the power losses due to the shade, several other losses such as soiling effect, 
mismatch effect, impact of tilt angle and inverter efficiency can add up to decrease the 
overall efficiency of the power produced through solar panels.  Apart from inverter 
efficiency all of the other losses are closely associated with solar panels.  These losses 
have to be accounted for prior to implementing a workable efficient Solar Roadways 
system. 
3.8.1 Soiling effects 
It is known that 5 - 15% loss of power output is present in the solar panels due to the 
particulate build up on the solar panel top cover [31].  These particulate build up reduces 
the amount of sunlight from reaching the solar cells.  In Solar Roadways application solar 
panels are to be laid on the roads which are frequently traveled, and hence there is always 
a high chance of reduction in the power output due to the soiling effect. Thus, for Solar 
Roadways application, it is important to perform regular cleaning of glasses to keep itself 
free from the dirt.  It may be noted that for the traditional panels, the glasses come with 
25° C 
50° C 
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thin Titania film coating which can chemically break the down the dirt collected on the 
surface by using the ultraviolet rays in the sunlight falling over them. [32]. 
3.8.2 Tilt angle effects 
Tilt angles are important data for solar panels, as they can affect the annual output from 
the solar panels [33].The solar panels produce more power output when they are placed 
in such an angle that the sunlight falling on the solar panel is always perpendicular to the 
surface of the solar panels.  For a flat mounted system there is an average annual loss of 
11% in the power produced by the solar panels [31].  These losses due to tilt angle effects 
are also called cosine loss.  When the panels are at an angle to the sun and not 
perpendicular to the sun,  available energy is reduced and the net energy can be expressed 
approximately as a function of the cosine of the angle between the sun’s rays and the 
direction of normal to the panel surface. [34]. In solar roadways application, the solar 
panels are laid over the road, hence they can be considered to be always in a horizontal 
position.  This can result in significant loss in the power that can be extracted from the 
solar panels.  
3.8.3 Mismatch effects 
Mismatch losses mainly occur when two modules with different properties or different 
working conditions are connected together.  As Solar Roadways application involves a 
large number of solar panels connected together, possibilities for mismatch losses to 
occur are quite high.  Mismatch losses are serious effects in large solar arrays, as the 
output of the entire array is heavily dependent on the output of the solar panel with the 
lowest output. This will cause the power produced by the normal solar panels to dissipate 
as heat and may result in permanent damage of the solar panels.  In practice, bypass 
diodes are used to overcome these mismatch effects.  Hence the bypass diodes should be 
rated properly so that they can take on all the current from the array which works 
properly.  Blocking diodes can also be used along with the bypass diodes to prevent the 
mismatch effects [27]. 
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3.8.4 Inverter efficiency 
Inverters are required in grid connected solar system to convert the DC current produced 
by the solar panels into AC power which is used in the grid system.  Inverter efficiency 
depends on how the inverters convert DC into AC current without any losses.  It may be 
noted that, at present, there are inverters with efficiency up to 98.5% are available [35].  
Most inverters are known to be more efficient when they operate close to the full load 
conditions [36]. Hence it’s important to select an inverter which has the power range 
closer to the power output from the solar arrays. 
3.8.5 Transmission losses 
It is known that a power loss of 7 to 9 % is present in the electricity generated in the 
Ontario province alone due to the power being transmitted over a long distance and also 
due to the heat generated at various points of the grid.  These losses even rise to 20 to 
25 % during the peak hour periods [37].  But as the Solar Roadways application is to be 
installed close to the highly populated areas, transmission of electricity over long distance 
may be avoided and hence the losses minimized. 
3.9 Uncertainty Analysis 
In order to study the influence uncertainties present in the solar irradiance values, Monte 
Carlo analysis that is available within the PSpice software environment is employed.  
Monte Carlo analysis is a type of risk analysis which can predict the outcome of an 
uncertainty in any problem that cam be modeled mathematically.  Monte Carlo analysis 
give a range of outcomes from an unknown parameter, based on which decisions can be 
made, on how the system will work in the extreme conditions i.e. at the worst cases 
which the system might not even experience.  In Monte Carlo analysis, the uncertain 
parameter is usually varied by employing a probability distribution function.  In the case 
of solar panels, solar irradiance value is always an uncertain parameter.  Hence, in order 
to find the power output based on different solar irradiance values Monte Carlo analysis 
is used.  A special command available in PSpice is employed to perform the Monte Carlo 
analysis [38] which takes the following form: 
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.MC <#runs value> <analysis> <output variable> <function> [option]* [SEED=value] 
The description for the Monte Carlo analysis command used in PSpice is given in Table 
3-3. In the equivalent electrical circuit of the solar panel, the Monte Carlo analysis for 
different solar irradiance value is performed by connecting a resistor along with the 
voltage controlled current source, so that the current produced by the solar irradiance is 
varied within a given tolerance value and by a probability distribution function[9].  Based 
on this variation in the current produced by the PV cells due to the change in the solar 
irradiance value incident on it, we can study the variation in the power produced by the 
solar module. 
Table 3-3 Description for the Monte Carlo analysis function 
Monte Carlo analysis function Description 
<#runs value> The total number of values for which the analysis has to be 
performed was taken as 5. 
<analysis> Type of analysis to be performed. They are either dc 
analysis or ac analysis or transient analysis in PSpice. dc 
analysis was taken for the analysis performed. 
<output variable> Gives what type of output is required in the output file. 
<function> 
Specifies operation to be performed on the output variable 
values. YMAX function was used in the analysis. This 
function computes the absolute maximum difference 
between the nominal and each run. 
[option] List all the values of random variables used in the 
beginning of each run.  
[SEED=value] It is an odd integer in between 1 to 32767, which is used in 
the random number generation within the Monte Carlo 
analysis. The default value 17533 was taken for the 
analysis. 
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The total number of steps performed in this analysis is 5 and the initial condition is 
maintained to be at the standard test condition of solar irradiance of 1000 W/m
2
, air mass 
1.5 and cell temperature of 25° Celsius.  Gaussian distribution function has been used in 
order to select the random values and tolerance of 40% is selected for the resistors.  
Figures 3-14 and 3-15 shows the Power vs. Voltage curve and Current vs. Voltage curve, 
based on the randomly selected solar irradiance value, by the Monte Carlo analysis for 
the two selected solar panels of Kyocera KD135SX-UPU connected in series is shown 
below. 
 
Figure 3-14 Power vs. Voltage curve for a selected Kyocera KD135SX-
UPU solar panel with different solar irradiance values(  -1000 W/m
2
, -
1800 W/m
2
, -526.1 W/m
2
, -1255 W/m
2
, -661.4 W/m
2
) 
 
Figure 3-15 Current vs. Voltage curve for a selected Kyocera KD135SX-
UPU solar panel with different solar irradiance values  
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The outputs of two solar panels when connected in series are to be around 270W at the 
standard test condition solar irradiance value of 1000W/m
2
.  When the solar irradiance 
value reaches higher than the standard test condition value, the output from the solar 
panel didn’t raise much and continued to be around 270W.  But when the solar irradiance 
values are lower than the standard test condition value, the output from the solar panel 
reduced drastically and reached 150W.  This variation in the solar panel output is may 
primarily be attributed to the probability distribution function and the tolerance value for 
the resistor selected as part of the Monte Carlo analysis. 
3.10 Summary 
In this chapter, effect of fast moving shade on the output of the solar panels, caused by 
the vehicle moving over it and various other losses that are involved in the Solar 
Roadways application has been studied.  The amount of energy loss in the solar panels 
has been found to be dependent on the lengths and speeds of the vehicle.  Other losses 
such as temperature effect, mismatch effect, impact of tilt angle and inverter efficiency 
can add up to decrease the efficiency of the solar panel to produce electricity. Monte 
Carlo analysis which is a risk analysis method was used to predict the outcome by the 
varying values of the solar irradiance falling over the solar panel.  This analysis showed 
how the solar panels behave when the solar irradiance value are higher or lower than the 
standard test condition value of 1000 W/m
2
. 
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Chapter 4 
4 Static and Dynamic Characterization via COMSOL 
4.1 Introduction 
Solar panels for the current power generation applications are built to take on loads due 
to hail, the weight of collected snow and strong winds.  However, in the solar roadways 
application additional loads such as the load due to vehicle moving over it and people 
walking over it are present.  In other words panels have to withstand loads that are 
normally taken by the roads and walkways in addition to the typical environmental loads. 
Thus, the solar panels to be used for this application, must have the necessary structural 
strength to take on the vehicle load moving over it while possessing surface properties 
similar to those of traditional roads, so that the vehicles moving over it will have 
sufficient traction to move and stop safely in slippery conditions like rain and snow.  To 
satisfy these requirements, it is quite obvious that the traditional materials that are used 
for manufacturing the current solar panels are not suitable for solar roadways 
applications. Hence, there is a need for studying the load carrying capacity of the existing 
glasses and other transparent materials that are available at present that can be used as a 
cover for the solar panels.  COMSOL Multiphysics which has both the modeling and 
simulation capabilities for Multiphysics systems is used in the present study to ascertain 
the feasibility for different vehicular applications and for suggesting future material and 
geometrical properties.   
4.2 COMSOL Multiphysics 
COMSOL Multiphysics is engineering simulation software, which has the capability to 
analyze engineering problems that require many physics to be coupled together.  This 
software has easy steps for modeling the geometry, defining their material properties, 
meshing, specifying their physics, solving and visualizing results [39].  In the present 
analysis, structural mechanics module of COMSOL Multiphysics has been employed.  In 
particular, this module is used to study deflection under typical loads encountered in solar 
roadways application.  The structural mechanics module has many study types, such as 
stationary, Eigen mode, parametric, quasi-static, transient, frequency response and pre-
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stressed included in it.  This module also has an interface for the piezoelectric devices 
which is employed for investigating the possible mechanical stress induced energy 
harvesting from the solar panels.  
4.3 Panel model for COMSOL analysis  
The basic solar panel consists of solar cells which are permanently encapsulated between 
a tempered glass cover plate and a back sheet which is secured in an aluminum frame 
[28].  Similarly, the solar roadways panel must also have strong base layers which can 
hold the solar cells and their related electrical systems to tap the power produced by the 
solar cells and connect it to the grid connector system.  In order to cover this base layer, a 
top cover plate must be utilized.  This plate must be transparent enough to allow the 
sunlight to pass through it and also have high strength to withstand the load of vehicles 
passing over it.  In addition, this top cover plate must also be sufficiently rough in order 
to provide enough traction for the vehicles [1].  
The model created in the COMSOL Multiphysics shown in Figure 4-1  for the analysis 
purpose consists of a vertically hollow square base layer with sides 4 meters in length, 
0.5 meter in height and 0.1 meter in thickness.  This base layer is considered to be made 
up of concrete, and covered with a transparent cover of size 4 meters and thickness 0.01 
meter  made up of acrylic plastic, whose material properties are given in Table 4-1. The 
acrylic sheets have a working temperature range of -40°C up to 93°C [40], and the elastic 
properties are assumed to remain constant in this temperature range. 
Table 4-1 Material properties for Acrylic plastic and Concrete 
Material Properties Acrylic plastic Concrete 
Density 1190 (kg/m
3
) 2300 (kg/m
3
) 
Young’s modulus 50.8x109 (Pa) 25x109 (Pa) 
Poisson’s ratio  0.37 0.33 
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Figure 4-1 Solar Roadways panel model for COMOSL Multiphysics analysis 
4.4 Selection of Standard Loads for solar roadways panel analysis 
As the solar roadways panels are to be laid over the existing roads, the primary loads 
acting on the solar roadways panels are the vehicle loads.  For the analysis, the loads 
associated with the vehicles are selected based on the specification from American 
Association of State Highways and Transportation Officials (AASHTO).  Two types of 
loadings, H loading and HS loading are given by AASHTO [41].  H loading consists of a 
two axle truck and HS loading consists of a tractor truck with semi-trailer.  In general, 
there are four standard classes of highway loading conditions, namely H15, H20, HS15 
and HS20.  The number following the H and HS letter denotes the gross weight in tons of 
a standard truck.  In the analysis of the solar roadways panel using COMSOL 
Multiphysics, H20 loading standard as displayed in Figure 4-2 is used.  The gross weight 
of the truck is taken to be 18143.7 kg (40000 lbs.), while the front and the rear axle 
weights are respectively 3628.7 kg (8000 lbs.) and 14515 kg (32000 lbs.). 
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Figure 4-2 Standard H truck loading taken from Standard Specifications for Highway 
Bridges by AASHTO [37] 
4.5 COMSOL analysis procedure 
The essential steps involved in the COMSOL Multiphysics analysis are shown in Figure 
4-3.  The first step in the COMSOL Multiphysics analysis considers the global definitions 
such as parameters and variables that are used in the analysis.  The global parameters 
such as the weight of the truck and the initial position of the truck front axle, i.e. the 
position from which the load of the truck start to acts on the solar roadways panel are 
selected. 
 The second step defines a model for the solar roadways panel.  As part of this step, local 
definition such as local coordinate system must be also redefined.  Then, the geometry of 
the model is defined using the geometry node in the software.  The model consists of a 
base layer and a top cover plate.  The size of the base layer is (4m x 4m x 0.5m) and that 
of the top cover plate is (4m x 4m x 0.01m).  Following the geometry definition of the 
model, the materials for the base layer and the top cover plate are defined.  The base layer 
W = Total Weight of Truck with Load 
0.1 W 
0.1 W 
0.4 W 
0.4 W 
  4.3 (meters) 
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is assigned as concrete material and the top cover plate is assigned as acrylic plastic. 
Properties of these materials are given in Table 4-1. 
Third step in the analysis defines solid mechanics interface properties which resides 
under the structural mechanics module.  These properties include fixed constraints and 
definition of the positions where load due to vehicle act on the solar roadways panel 
model. The base layer and all four sides of the top cover are considered to have fixed 
constraint i.e. the displacements are zero in all directions. Fourth step in the analysis 
defines mesh elements for the model.  Free tetrahedral type of mesh elements is selected 
and the size of the elements for each boundary was defined separately. 
The fifth step in the analysis defines the type of study that has to be performed on the 
model.  In this analysis parametric type of study is performed.  The parameter selected 
for the study is the position of front axle of a truck. For the analysis geometric 
nonlinearity is also considered, due to possible large displacement to be caused by the 
truck load. In the final step visualization of the various results and the corresponding 
analysis is performed. 
4.6 Available glass to cover the solar panel 
The primary purpose of the top cover plate used in the solar panels is to protect the solar 
cells from getting damaged by the external loads such as collection of dust or snow and 
the load due to heavy wind.  The solar panel top cover must also be transparent enough to 
allow maximum amount of sunlight to pass through it, so that the efficiency of the solar 
cells is not reduced.  In order to take up sufficiently large loads, while being transparent, 
tempered glasses are mostly used as solar panel top cover [28].  Tempered glasses are 
also called as toughened glasses which are physically and thermally stronger than the 
normal glasses.  In typical solar panels that are currently in production, acrylic glass 
sheets are also used which are lighter than tempered glass and has physical properties 
similar to it.  In the present study, acrylic glass material is selected for the analysis.  The 
properties of the acrylic glass material given in Table 4-1 are employed. 
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Figure 4-3 Steps involved in COMSOL Multiphysics analysis 
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4.7 Analysis of load carrying capability  
The load carrying capability of the selected acrylic glass sheet, for the solar panels in the 
solar roadways application, is investigated using the COMSOL Multiphysics software.  
Based on the model of the solar panel for the solar roadways and the standard HS20 
loading conditions, the load carrying capability of the acrylic glass sheets are studied.  As 
the standard length of the truck used in HS20 loading condition is 4.3 m, which is longer 
than the length of the solar panel modeled for the solar roadways, only one axle weight 
acts on the solar panels at any given time.  Hence the rear axle, where a larger proportion 
of the weight of the truck acts is taken for the analysis.  According to Beer-Lambert law 
given in equation 4-1, the absorption of the light passing through a material depends on 
the property of the material and the path length of the light [42].  In order to allow 
maximum light to pass through the acrylic top cover of the solar panel such that the solar 
cells receive maximum sunlight and generate more electricity, the thickness of the top 
cover is selected as 10mm. The relation between the thickness of the material and its light 
transmission ability is given by  
 
     
                  ,                                         (4-1) 
where I is the measured intensity of the light transmitted through a layer of material, I0 
the intensity of the light incident on the material,  the absorption coefficient and   the 
thickness of the material. 
When the HS20 standard truck load is applied on the acrylic sheet in COMSOL, the 
effect of the truck load on the acrylic sheet is analyzed for every 0.1 meter and the load is 
considered to move in the positive x direction.  The maximum von Mises stress and the 
maximum displacement based on the location of vehicle rear wheels is given in Table A-
1.  Only the load locations that results in maximum von Mises stress and displacement as 
shown in Table 4-4 are given in the discussion below.  The load caused a maximum von 
Mises stress of 1.82x10
3
Mpa as shown in Figure 4-4, is much higher when compared to 
the ultimate tensile strength of 69Mpa [40] and the displacement results indicate that 
maximum surface displacement was also very high at 1.12 meters.  According to the 
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AASHTO standards, the allowable deflection for a bridge is span length/800 for 
vehicular bridges and span length/1000 for pedestrian bridges [41].  It may be noticed 
that in the present case of the top cover of panel, the maximum displacement is predicted 
to be approximately span length/3.6 which is much higher than the above standard 
requirements.  Hence it can be concluded that the selected top cover material is not 
suitable for the applied load and this cannot be used as a top cover for solar roadways 
panel, where vehicles of size similar to a truck are moving over it. 
 
Figure 4-4  Maximum von Mises stress for HS loading of truck on solar panel of the 
Solar Roadways system (at wheel location of 3.6m) 
 
As the selected material failed for the load of a truck, in order to test the maximum load 
the material selected for the top cover of solar roadways panel can take on, stress and 
displacements due to a car load and a motorbike load moving over the solar panel are also 
analyzed.  The load of the Mini Copper car and the load of the Yamaha RZ8 motorbike 
are selected for the analysis.  The specifications for the selected car and the motorbike are 
given in Table 4-2. 
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Table 4-2 Specifications of car and motorbike used in the analysis 
 Car [43] Motorbike [44] 
Curb weight 616.9 kg (1360 lbs.) 213.2 kg (470 lbs.) 
Length  3.05 m 2.1 m 
Wheel base   2.04 m 1.5 m 
Weight distribution 60/40 51/49 
As the wheelbase of the car and the motorbike selected for the analysis are smaller than 
the length of the solar panel modeled for the solar roadways application, the load due to 
all four wheels in the case of a car and all two wheels in the case of a motorbike are 
considered for the analysis.  The wheelbase of the car selected for analysis is 2.04 meters 
as shown in Table 4-2. In this analysis the distance between the front axle and rear axle is 
maintained at 2.04 meters, so that only after the front wheels enter and travels a distance 
of 2.04 meters over the solar panel, the rear wheels enter and move over the solar panel.  
The weight distribution between the front and the rear axles confirm to a ratio of 60 to 40 
as shown in Table 4-2.  Hence only 60 percent of the total weight of the car is considered 
to act on the front wheels and the remaining 40 percent on the rear wheels.  The 
motorbike selected for the analysis has a wheelbase of 1.5 meters.  In the analysis, the 
distance between the front and the rear wheels is maintained at 1.5 meters, so that only 
after the front wheel enters and travels a distance of 1.5 meters over the solar panels, the 
rear wheel enters and moves over the solar panels.  The weight distribution between the 
front and the rear wheel are in the ratio 51 to 49, and hence 51 percent of the total weight 
of the motorbike acts on the front wheel and the remaining 49 percent on the rear wheel.  
Based on the selected parameters, the load carrying capacity of the material selected for 
the solar roadways solar panel is analyzed for the load of a car and motorbike moving 
over it.  The front wheels of the car enter at the x position of 2.1 meters and continue to 
move in the positive x direction.  After the front wheels have moved through the 
wheelbase distance of 2.04 meters over the solar panel, the rear wheel is considered to 
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enter the solar panel.  The maximum von Mises stress and the maximum displacement 
based on the location of car front wheels is given in Table A-1.  As in the previous case, 
only the load location that results in the largest stress is presented in the thesis as shown 
in Table 4-4 is given in the discussion below.  The load caused a maximum von Mises 
stress of 117.48Mpa as shown in Figure 4-5, which is quite high when compared to the 
ultimate tensile strength of 69Mpa [40] and the maximum surface displacement was also 
found to be very high at 98.19 mm as shown in Figure 4-6.  Hence the selected top cover 
material cannot be used as top cover for solar roadways panel, when vehicles of size 
similar to a Mini Copper car move over the surface.   
 
 
Figure 4-5 Maximum von Mises stress for load of a car on solar panel of the Solar 
Roadways system (at front wheel location of 5.5m) 
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Figure 4-6 Maximum displacement for load of a car on solar panel of the Solar Roadways 
system (at front wheel location of 5.5m) 
Based on the selected parameters, the load carrying capacity of the material selected for 
the solar roadways solar panel has been analyzed when a load that represents a motorbike 
move over the panel.  The front wheel of the bike enters at the x position of 2.1 meters 
and continues to move in positive x direction.  After the front wheel has moves a distance 
of 1.5 meters over the solar panel, the rear wheel  is considered to  enter the solar panel. 
The maximum von Mises stress and the maximum displacement based on the location of 
the motorbike’s front wheel is given in Table A-1.  As in the previous case, only the load 
location that results in the largest stress is presented in the thesis as shown in Table 4-4 is 
given in the discussion below.  It may be noted that the load resulted in a maximum von 
Mises stress of 65.5Mpa as shown in Figure 4-7, this value is quite close when compared 
to the ultimate tensile strength of 69Mpa [40] and the maximum surface displacement has 
been found to be quite as high at 39.5 mm as shown in Figure 4-8.  It is known that it is 
best to avoid the large deflections in the top cover in order that the vehicle tire rolling up 
on a slope and as a result increasing the fuel consumption of the vehicle may be 
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minimized [45].   Based on the predictions, it may be concluded that the selected material 
cannot be used as top cover for the solar roadways panel, where the vehicles of size 
similar to a Yamaha RZ8 motorbike move over the panel. 
 
 
Figure 4-7 Maximum von Mises stress for load of a motorbike on solar panel of the Solar 
Roadways system (at front wheel location of 5m) 
It may be noted that the reduction in the load induced stress levels and the maximum 
deflection levels in the selected top cover material may be achieved by increasing the 
thickness of the top cover, while compromising the amount sunlight that can pass through 
it and reach the solar cells.  For the increased thickness analysis, 15 mm and 25.4 mm 
thick plates are selected.  Two individual cases of load of a car and of a motorbike 
moving over the solar panel are analyzed employing methods discussed earlier.  
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Figure 4-8 Maximum displacement for load of a motorbike on solar panel of the Solar 
Roadways system (at front wheel location of 5m) 
The increase in the thickness of the material selected for the solar panel top cover shows 
a drop in the maximum von Mises stress and deflection of the top cover.  When the load 
of the car is applied on the top cover with thickness of 15 mm, the maximum von Mises 
stress reduced to 52.8Mpa as shown in Figure A-1, which was still quite close to the 
ultimate tensile strength of the material.  The maximum deflection of the material has 
been found to be 29.2 mm as shown in Figure A-2, which is still high based on the 
AASHTO standards.  When the load of the car is applied on the top cover with thickness 
of 25.4 mm, the maximum von Mises stress reduced to 18.3Mpa as shown in Figure A-3, 
and the maximum deflection of the material has been found to be 6.06 mm as shown in 
Figure A-4, which is close to the deflection based on the AASHTO standards. 
When the load of the motorbike is applied on the top cover with thickness of 15 mm, the 
maximum von Mises stress reduced to 29.4Mpa as shown in Figure A-5, and the 
deflection of the material was 11.8 mm as shown in Figure A-6, which is still high based 
on the AASHTO standards.  When similar analysis is performed on the top cover with 
thickness of 25.4 mm, the maximum von Mises stress reduced to 10.2Mpa as shown in 
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Figure A-7, and the deflection of the material has been 2.4 mm as shown in Figure A-8, 
which is close to the deflection based on the AASHTO standards.  Increase in thickness 
of the material from 6 mm to 25.4 mm results in reduction of the maximum von Mises 
stress values below the ultimate tensile strength, while the maximum deflection remains 
closer to the AASHTO standard value.  However, caution must be taken when increasing 
the thickness since it will reduce the amount of sunlight passing through it as shown in 
Figure 4-9, and results in a reduction of power output from the solar panels.   
 
Figure 4-9 Reduction of sunlight transmitted through acrylic sheets with the increase in 
thickness 
(  - 6mm thick sheet with maximum transmission of light;  - 10mm, 15mm and 
25.4mm thick plate used in analysis;   - 30mm and 40mm other sizes) 
Based on the literature it is recommended that the optimum thickness for the solar panel 
top cover is to be selected in the range of 2.5 mm to 12 mm [46].  Hence, to achieve 
reduction in thickness without compromising on the deflection of new material with 
superior properties must be developed.  In the COMSOL Multiphysics the basic 
properties which are used for the analysis are density, Young’s modulus and Poisson’s 
ratio.  In order to achieve a reduction in the deflection, the Young’s modulus of the 
material is increased.  When the Young’s modulus is increased from 50.8x109 to 
50.8x10
10
 Pa for a solar panel top cover of 15mm thick and load of a motorbike was 
applied over it, the deflection of the top cover reduced from 11.757 mm shown in Figure 
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A-6 to 1.176 mm shown in Figure A-9 which is well below the AASHTO standard.  If 
such a material with the increased Young’s modulus with the thickness 25.4 mm is used, 
the load of a car moving over it can be adequately taken up.  
In the above analysis, for analyzing the load carrying capability of the commercially 
available materials only stationary loads of the vehicle have been used and the material 
failed to take these loads with regards to stress as well as deflection.  However, in the 
future when materials are developed to take on the load of the vehicle over it, then 
dynamic load (i.e. vehicle moving in space as well as time) must also have to be 
considered in the prediction of the maximum load carrying capability of the developed 
material.  However, the present stationary analysis can be used in feasibility studies.  
4.8 Solar panel for bicycle lane 
The previous analysis for the top cover material of the solar panels in the solar roadways 
application demonstrated that, the material for the top cover requires a large improvement 
in the mechanical properties so that they can take on the vehicle load moving over it 
while exhibiting surface properties similar to those of present roads, so that the vehicles 
moving over it will have sufficient traction to move and stop safely during the slippery 
conditions like rain and snow fall.  But the analysis also showed that the commercially 
available materials have sufficient strength to be laid on the bicycle lanes and walkways.  
Cities in Canada are developing dedicated bicycle lanes, in order to encourage increased 
usage of bicycles and for promoting both human and environment health.  Hence, laying 
solar panels over these bicycle lanes can be considered as a viable alternative for 
producing electricity and also serve their present intended purpose. 
A COMSOL study is hence performed to investigate the feasibility.  The standard width 
of the bicycle lanes in Canada are 1.5 meters [47].  To cover these bicycle lanes with the 
solar panels, a square solar panel of size 1.5 meters is selected.  Similar to the solar 
roadways solar panels, these solar panels are selected to have a vertically hollow square 
base layer of size 1.5 m x 0.2 m x 0.1 m, which can hold the solar cells and all the 
electronics which are required for connecting the power produced by the solar cells with 
the grid.  The base layer is covered by a transparent top cover of size 1.5 meters and with 
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a thickness of 10 mm.  The base layer is considered to be made of concrete and the 
properties used are shown in Table 4-1.  For the top cover material, acrylic plastic is 
considered and the properties are shown in Table 4-1. 
Table 4-3 Specifications of bicycle used for analysis 
Curb weight 13.6 kg (30 lbs.) 
Wheel base   1.006 m 
Weight distribution 40/60 
 
For the COMSOL analysis a bicycle with specifications as shown in Table 4-3 was 
selected.  The wheelbase of 1.006 meters is selected for the analysis.  In the analysis, the 
distance between the front and the rear wheels is maintained at 1 meter, so that only after 
the front wheel enters and travels a distance of 1 meter over the solar panel, the rear 
wheel enters and moves over the solar panel.  The total weight of 90.7 kg (200 lbs.) 
which includes both the weight of the bicycle and the person travelling on it has been 
taken for the analysis.  The weight distribution between the front and the rear wheels are 
assumed to be in the ratio of 40 to 60 as shown in Table 4-3. Hence, 40 percent of the 
total weight of the bicycle acts on the front wheel and the remaining 60 percent in the 
rear wheel.  
The maximum von Mises stress and the maximum displacement based on the location of 
bicycle front wheel is given in Table A-2.  As in the previous case, only the load location 
that results in the largest stress is presented in the thesis as shown in Table 4-4 is given in 
the discussion below.  The load has been found to cause a maximum von Mises stress of 
20.67Mpa as shown in Figure 4-10, which is quite low when compared to the ultimate 
tensile strength of 69Mpa [40] and the maximum surface displacement was also quite 
close at 2.05 mm as shown in Figure 4-11, when compared to the AASHTO standard.  
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Figure 4-10 Maximum von Mises stress for load of a bicycle on solar panel of the 
Solar Roadways system (at front wheel location of 2.8m) 
 
Figure 4-11 Maximum displacement for load of a bicycle on solar panel of the Solar 
Roadways system (at front wheel location of 2.7m) 
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Table 4-4 Summary of maximum von Mises stress and displacement for various load 
cases analyzed in COMSOL 
Vehicle type 
X position of 
the front axle 
(m) 
Maximum von 
Mises stress 
(N/m
2
) 
Maximum 
Displacement 
(m) 
Truck 
3.6 1.82x10
9
 N/A 
4 N/A 1.1222 
Car 5.5 11.7x10
7
 0.0982 
Motorbike 5 6.549x10
7
 0.0395 
Bicycle 
2.8 2.06x10
7
 N/A 
2.7 N/A 0.002 
 
4.9 Summary 
In this chapter, the load carrying capacity of the top cover of the solar panels for the solar 
roadways application is analyzed using COMSOL Multiphysics software.  The primary 
motivation for the analysis comes from both material characteristics and solar roadways 
vehicular applications.  The acrylic plastic material of 10 mm thickness has been selected 
for solar panel top cover.  It has been demonstrated that this material failed to take the 
load of a typical truck, car and motorbike moving over the solar roadway top cover. 
Increase in the thickness of the material resulted in adequate reduction in both the 
deflection and stress in the material.  Increasing the Young’s modulus also resulted in a 
reduction deflection and was suitable for taking the load of the motorbike and car moving 
over it.  As a currently viable option, solar pathway for a typical bicycle lane was 
modeled considering the same acrylic plastic as solar panel top cover.  This panel was 
able to take up the load of a typical bicycle - person moving over the panel cover. 
In chapter 5, an auxiliary energy harvesting model using piezoelectric materials is 
proposed.  This system analyzed using COMSOL Mulitphysics, utilizes the stresses 
developed during the vehicle moving over the solar panel and produce power.  The 
positions where maximum stresses occur are studied experimentally in an effort to predict 
optimal placement for these transducers.  
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Chapter 5 
5 Investigation of an Auxiliary Energy Harvesting System  
5.1 Introduction 
In the solar panels used for the solar roadways application, in addition to the inherent low 
energy efficiency of the solar panels, losses in the power output due to the shadow, 
soiling, tilt angle, mismatch effects and etc. have been found to affect the overall 
efficiency.  In order to overcome these losses in the power output, an auxiliary energy 
harvesting system employing piezoelectric transducers is proposed.  This method relies 
on converting the strain developed in the solar panel top cover into electricity.  In order to 
increase the efficiency of the auxiliary system, the locations of the piezoelectric elements 
are optimized using COMSOL Multiphysics by selecting the locations along the outer 
edges of the panel.  In particular among these available edge locations, positions where 
high stresses act due to the load of the vehicle over the top cover of the solar panel are of 
interest. Optimized positions of the piezoelectric elements are also obtained 
experimentally using a modal analysis approach employing frequency response as well as 
a transient approach where the excitation is provided by experimentally simulating the 
moving loads.  In both cases, a scanning Laser Doppler Vibrometer (LDV) system has 
been used for non-contact measurement of panel vibration. 
5.2 Piezoelectricity 
Piezoelectricity is a property exhibited by certain materials such as crystals or ceramics 
which produce charge when mechanical strain is applied.  In piezoelectricity, in general 
two types of effects are considered.  The first type is the direct piezoelectric effect, where 
mechanical stresses due to the external load applied on the piezoelectric material induces 
displacement in positive and negative lattice elements which themselves induces dipole 
moments.  This results in formation of an electric field which gives an electric potential 
on the electrodes.  This effect is also called as generator effect [48].  The second type is 
the reverse or indirect piezoelectric effect, where the piezoelectric material develops a 
mechanical force due to the application of an electric field.  This effect is called the 
motor effect.  In the present context, the first effect, namely the generator effect has been 
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utilized.  Piezoelectric devices are used in applications such as sensors, actuators, motors, 
high power and voltage source and etc.  Several materials such as Lead-Zirconate-
Titanate (PZT), Lead-Titanate (PbTiO2), Lead-Zirconate (PbZrO3) and Barium-Titanate 
(BaTiO3) have been found to exhibit piezoelectric effect [48]. 
The relation between the electrical and elastic properties of piezoelectric materials [48] 
are given by, 
                                       ,                            5-1 
                                        ,                            5-2 
where D represents the dielectric displacement, T is mechanical stress, E is the electric 
field, S is mechanical strain, d is piezoelectric charge constant,     is permittivity (for T = 
constant) ,    elastic constant (E = constant). 
In piezoelectric ceramic materials, the ferroelectric domains are aligned by applying a 
DC voltage across it.  The number of domains aligned depends upon voltage, temperature 
and duration for which the voltage is applied on the material.  This process is generally 
known as poling [49].  Once this process has been successful performed and when a 
voltage is applied across the electrodes in the poling direction, the thickness of the 
piezoelectric material between the electrodes increases and the thickness parallel to the 
electrodes decreases as shown in Figure 5-1.  Similarly applying the voltage in the 
opposite direction will decrease the thickness of piezoelectric material between the 
electrodes and increase the thickness parallel to the electrodes shown in Figure 5-1. 
Applying a compressive force perpendicular to the electrodes or a tensile force in the 
direction parallel to electrodes, will generate voltage with a polarity similar to the voltage 
applied during poling of the material.  Similarly a compressive force applied parallel to 
the electrodes or a tensile force applied perpendicular to the electrodes will results in a 
voltage generated with polarity opposite to the voltage applied during poling of the 
material.  Applying a shear force to the piezoelectric material will also generate voltage 
[49]. 
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Figure 5-1 Deformation of piezoelectric elements when voltage is applied in different 
directions with respect to the poling direction (   ) 
5.3 Piezoelectric based energy harvesting system for Solar Roadways 
In order to investigate the feasibility of generating auxiliary power i.e. in addition to the 
solar power to be generated by Solar Roadways, the use of piezo based energy harvesting 
system are suggested in the present study.  It is known that stresses are developed on the 
top cover of the solar panel due to the vehicles moving over it.  Using piezoelectric 
elements these stresses can be harnessed to generate electricity.  The electricity generated 
through this energy harvesting method can partly be used to overcome the inherent 
energy losses in the solar panels. 
5.3.1 Piezoelectric elements for solar roadways 
For analyzing the proposed mechanics and power output of the energy harvesting system 
for the solar roadways applications COMSOL Multiphysics software is used.  Lead 
Zirconate Titanate (PZT-5A) type of piezoelectric material has been selected for the 
analysis.  As shown in Figure 5-2, the dimensions of each piezoelectric element are 
chosen to be (60mm x 60mm x 10mm), these piezoelectric elements chosen for the 
COMSOL analysis on the manufacturers specifications, are known to generate 130V DC 
when a force of 1500N is applied.  Typically, the voltages generated are known to vary ± 
30% depending on the layout, stiffness of the plates sandwiching the PZT and etc. based 
on the information available from the manufactures [50].  For the present application 
these piezoelectric elements are placed in between the solar panel top cover and the base 
layer. The piezoelectric elements in COMSOL Multiphysics software are generally 
polarized in the z direction, which is then rotated according to the deformation of the 
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piezoelectric elements.  The piezoelectric elements are fixed at one end, so that it can 
limit the piezoelectric elements from any movement due to the load applied on it.  The 
positive and negative terminals are placed respectively in the top and bottom of the 
piezoelectric element.  As the vehicles passes over the solar panels, load of the vehicle 
induces a strain on the piezoelectric elements.  This strain induced electricity is used in 
the output power predictions. The maximum principal stress that the selected PZT-5A is 
subjected to for the bicycle and the motorbike loads, respectively, are 3.14Mpa and 1.4 
Mpa and are lower than the tensile strength of 27.6Mpa [51] for the selected material. 
Hence, the PZT selected material can work under these loads without failure. 
 
Figure 5-2 Piezoelectric elements in COMSOL model  
5.3.2 Power output from the energy harvesting system 
As shown in Figure 5-2 piezoelectric elements are fixed only at the inner edges of the 
base layer in the Solar Roadways solar panel model and at the mid portions where the 
strain due to the load of the vehicle over the solar panel is quite high.  For the model, 
placements of 40 piezoelectric elements on each side of the base layer have been 
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assumed.  Each piezoelectric element is connected to an external load of resistance 160 k 
ohms.  Two presently viable solar roadways application cases have been evaluated for 
comparing with the solar power that can be derived from respective solar panels.  The 
maximum power output from the piezoelectric element when a motorbike moves over the 
solar panel has been predicted to be 6W.  The variation in the power output as the 
motorbike moves over the solar panel is shown in the Figure 5-3.   This is the power 
output from one piezoelectric element.  Due to the variation of load acting on the 
piezoelectric element based on its position, the power output from them also varies.  
 
Figure 5-3  Power output from the piezoelectric element when a motorbike moves over 
solar panel 
A solar panel modeled specifically for the bicycle path has also been analysed with the 
piezoelectric elements in order to ascertain the feasibility for implementations.  Similar to 
the solar panels used in the Solar Roadways application, the solar panels for the bicycle 
path also have their piezoelectric elements fixed only at the inner edges of the base layer 
and at the mid portion as shown in Figure 5-4.  For this application 12 piezoelectric 
elements on each side of the base layer have been considered.  Each piezoelectric element 
is assumed to be connected to an external load of resistance 160 k ohm.  The maximum 
power output from the piezoelectric element when a bicycle moves over the solar panel 
has been found to be 7.5W.  The variation in the power output as the bicycle moves over 
0
2
4
6
8
0 1 2 3 4 5 6 7
P
o
w
er
 (
W
) 
Position of the wheel on solar panel (m) 
62 
 
 
the solar panel is illustrated in Figure 5-5.  Larger maximum power output from the 
bicycle load when compared to that from the motorbike load as depicted in Figures via 
Figures 5-3 and 5-5 may be attributed to the assumed larger thickness for the solar panel 
top cover used in the analysis for the motor bike which resulted in lower stress levels. 
Further, energy produced by the solar panel with an auxiliary energy harvesting system 
for a bicycle lane is calculated numerically for a lane where an average of 250 bicycles / 
day pass through. The energy produced by the solar panel when connected to a similar 
external load used for the auxiliary energy harvesting system can generate approximately 
1465.96kJ per day and may be subjected to an additional energy loss of 5% due to the 
shades caused by the bicycles moving over it. On the other hand, under similar 
conditions, the proposed Auxiliary energy harvesting system can produce 61.2kJ per day 
due to the bicycles moving over it, which is around 4.4% of energy produced by the solar 
panels.  It may be noted that this output can be further increased if additional output due 
to people walking over these solar panels are also taken into account. 
In the present study, for the purpose of evaluating the feasibility of auxiliary energy 
harvesting system developed for the solar roadways, stationary load of the vehicles over 
the solar panel are considered.  However, to get the actual power output from these 
system, appropriate dynamic loads i.e. loads move over the solar panel top cover in real 
time have to be considered.  It may be postulated that, these loads may have the 
capability to generate strain values that are higher than those values predicted using the 
roving static loads.   However, the power output of piezoelectric elements due to 
excessive dynamic loads may also undergo fluctuation depending on the dynamic load 
and the vehicle speed.  Hence for implementation, such an energy harvesting system may 
require special power conditioning for improving the quality of the power output. 
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Figure 5-4 Solar panel model for bicycle path 
 
Figure 5-5 Power output from the piezoelectric element when a bicycle moves over solar 
panel 
5.4 Optimal placement of piezoelectric elements 
Energy harvesting is a process which captures the energy released as waste and converts 
them into a useful form.  Thus energy harvesting process is always used to improve the 
efficiency of a system.  Hence, optimization of the position of the energy harvesters plays 
an important role for improving the power output.  Piezoelectric elements are used as an 
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energy harvester to capture the strain induced voltage caused by the vehicles moving over 
the solar panels.  For example, this energy harvesting method can be a useful mechanism 
for overcoming the output losses in the solar panels due to the shadow caused by the 
vehicles moving over it.   
5.4.1 Optimal placement based on COMSOL analysis 
As shown in Figures 4-4, 4-5 and 4-7 COMSOL Multiphysics analysis of the solar panels 
for the Solar Roadways application demonstrated compressive stress development in the 
solar panel top cover as the vehicles move over it.  As shown in Figure A-2, when the 
vehicles move over the solar panel top cover, the load of the vehicles also causes 
deflection on the top cover.  This deflection results in increased stresses along the path of 
the vehicle on the solar panel top cover and at the places where the inner edge of the base 
layer and the solar panel top cover meets.  In order to improve the efficiency of the piezo 
based energy harvesting process, the piezoelectric elements are placed only at the places 
where the stresses due to the vehicles moving over solar panel top cover are high.  Based 
on the COMSOL Multiphysics analysis, the piezoelectric elements are placed near the 
inner edges of the base layer and for a length of 1.3 meters from the center line of the 
solar panel.  The piezoelectric elements are not placed along the outer edge of the base 
layers and at the corners, as the stresses due to the deflection of the solar panels top cover 
have been found to be relatively low.  The piezoelectric element arrangement for the 
solar roadways solar panels are shown in Figure 5-2. 
5.4.2 Natural frequency analysis using COMSOL 
Various modes of vibration of the selected material was found using Eigen frequency 
study node of the COMSOL software.  As shown in Figure 5-6, for analysis purpose top 
cover model of size 745 mm x 675 mm x 5.6 mm was modeled.  The size of the model 
was reduced to verify the results experimentally.  So that they conform to the dimensions 
of the specimen used in the verification experiment.  A commercially available acrylic 
plastic is selected as a material for the analysis.  The edges of the model are considered 
fixed.  The first few dominant modes of natural frequencies obtained from the analysis 
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are 16.036 Hz, 52.74 HZ, 66.77Hz, 86.66Hz and 104.43 Hz.  This model is then used in 
the experimental analysis for placement of piezoelectric elements. 
 
Figure 5-6 Model for natural frequency analysis using COMSOL 
5.5 Placement of piezoelectric elements via experimental analysis 
In addition to the COMSOL process developed for predicting the optimal location of the 
piezoelectric elements, an experimental system is developed for providing insight into the 
placement.  The study via transient response analysis and via modal analysis is proposed. 
Optimal placement of the piezoelectric elements based on the results from COMSOL 
Multiphysics analysis was compared by simulating the similar conditions experimentally. 
Figure 5-7 shows the experimental setup used for the transient analysis.  For simulating 
the condition of vehicle moving over the solar panels, a solar panel model as shown in 
Figure 5-8 was built with a base layer of size (745 mm x 675 mm x 63.5 mm), made of 
steel channels and the top cover of size (745 mm x 675 mm x 5.6 mm), made of acrylic 
plastic sheet.  A rectangular solar panel model is considered instead of a square used in 
Solar Roadways system, due to the constraints in using the available structural 
specimens.  The steel channels are attached together by clamping at corners by L shaped 
clamps.  The acrylic plastic top cover is pinned at the corners to the base layer by means 
of bolts and nuts. In order to simulate the vehicles moving over the solar panel, steel balls 
of size one inch in diameter are rolled over the solar panel experimental model.  For 
varying the velocity of the ball rolling over the panel, a PVC pipe has been used and its 
66 
 
 
height is varied.  The vibrational displacements of the solar panel top cover surface are 
measured using a laser based non-contact vibration measurement system. 
 
 
Figure 5-7 Experimental setup for optimizing the position of piezoelectric elements in 
auxiliary energy harvesting system 
 
Figure 5-8 Solar panel model with scanning points marked with retro reflective tape 
Shaker 
positions for 
EMA 
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5.5.1 Scanning laser Doppler vibrometer system 
Scanning Laser Doppler vibrometer (LDV) is a non-contact measurement tool, which can 
measure, visualize and analyse out of plane structural vibrations.  It can directly 
determine the operational deflection shape (ODS) and the natural frequencies.  The 
surface scanning feature makes the prediction of the ODS possible and the LDV system 
is hence able to measure over a wide range of frequency bandwidths. Polytec’s PSV400 
scanning LDV is used in the present experiment.  It is designed to measure vibrations in 
both small and large structures and can support frequencies up to 24 MHz, vibration 
velocities up to 0.02 µm/s to 20 m/s and accelerations up to 9 million g [52]. The PSV400 
scanning LDV system consists of a PSV-I-400 sensor head which includes OFV-505 
vibrometer sensor, precision scanner and a video camera with auto focus.  The 
vibrometer system also includes OFV-5000 modular vibrometer controller which 
processes the vibration signals and PSV-W-401 data management system from which the 
scanning points, acquisition mode, frequency bandwidth and all other measurement 
parameters are set. 
5.5.2 Experimental setup for the vibrometer 
For scanning purposes, equally spaced grids are marked on the solar panel model as 
shown in Figure 5-8.  Self-adhesive retro reflective tapes are then attached to the marked 
grid points on the solar panel.  These points act as the scan points for the scanning 
vibrometer.  A shaker is used to vibrate the experimental structure for the purposes of 
experimental modal analysis (EMA) and steel balls are rolled over the solar panel model 
to simulate the vehicles moving over the solar panel for the transient response analysis. 
As shown in Figure 5-8, in the first modal analysis, the shaker is placed close to the 
center of the solar panel model and in the second, the shaker is placed away from the 
center of the solar panel model.  A total number of 199 scan points have been used for the 
scanning vibrometer measurement and an acquisition mode of FFT has been selected. 
The frequency bandwidth is fixed at 400Hz measured from 2Hz to 400Hz.  The details of 
input parameter settings used for EMA for the solar panel models are given in Appendix 
B1.  For the transient analysis the steel balls are rolled through a pipe from a certain 
height, so that the rolling velocity of the steel balls within the panel domain can be 
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approximated to be constant.  In this experiment a total of 84 scan points have been used 
for the scanning vibrometer measurements.  An acquisition mode of FFT and frequency 
bandwidth of 1 kHz measured from 1.25Hz to 1 kHz has been chosen.  The input 
parameter information used for the moving load analysis of the solar panel models is 
given in Appendix B2. 
5.5.3 Results from the scanning vibrometer 
For the modal analysis measurements from all the 199 scanning points are utilized by the 
scanning vibrometer. Vibration at each point is measured 10 times and their average 
values are determined.  From the two modal analyses experiment performed the shaker 
positions have been found not make significant variations in the results.  The vibration 
velocity for entire bandwidth of measured frequency in the modal analysis of the solar 
panel model is shown in Figure 5-9.  The entire bandwidth consists of all first few 
dominant modes.  The results from the scanning vibrometer showed that the maximum 
vibration velocities are present at the center and along the edges closer to the center line 
of the panel.  The dominant modes of frequencies obtained from this software have been 
found to have 14Hz, 52Hz, 66Hz, 88Hz and 102Hz as natural frequencies.  These values 
matched closely with the values obtained from the COMSOL analysis.  Matching of 
natural frequencies proved the ability of model developed in COMSOL to predict the 
results closely with real conditions. 
 
Figure 5-9 Vibration velocity for entire bandwidth (Experimental modal analysis) 
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For the moving load analysis of the solar panel model, steel balls are rolled over the 
panel.  In the moving load analysis, the numbers of scanning points for the scanning 
vibrometer are reduced to 84 points.  The vibration velocity for entire the bandwidth of 
measured frequency in the modal analysis of the solar panel model is shown in Figure 5-
10.  The results from the scanning vibrometer showed that the maximum vibration 
velocities are present at the center and along the edges closer to the center line of the 
panel.  But the maximum vibrations are also present near the corners of the panel, which 
has not been predicted by the COMSOL Multiphysics analysis.  These variations in the 
results can be mainly attributed to improper fixing of the solar panel top cover with the 
base layer.  
As a part of this study, a procedure for optimizing the location of piezoelectric elements 
is formalized using both COMSOL and experimental methods for future analysis.  It is 
envisaged that this system can be employed to predict the output power from an auxiliary 
energy harvesting system, when materials suitable for the Solar Roadways system 
become available.  Power generation ratio i.e. solar and piezoelectric can also be 
validated using these methods prior to implementation. 
 
Figure 5-10 Vibration velocity for entire bandwidth (Moving load analysis) 
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5.6 Summary 
In this chapter a method using both COMSOL and vibration experiments are developed 
to optimize positions of the piezoelectric elements for use in the auxiliary energy 
harvesting system for the Solar Roadways.  The power output from these piezoelectric 
elements can be used to overcome the energy losses in the solar panels of the Solar 
Roadways system.  A solar panel with piezoelectric elements was modelled specifically 
to be used in the cycle path. 
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Chapter 6 
6 Conclusion 
6.1 Summary of Research 
This thesis describes work directed to study various potential outcomes that can be 
derived from implementation of the Solar Roadways system and difficulties in 
implementing such a system.  A detailed feasibility study for the Solar Roadways system 
in Canada has been conducted by calculating the total amount of electricity by covering 
all the existing roads in Canada with solar panels.  By covering all the roads in Canada 
with the solar panels, the electricity generated from these solar panel have been shown to 
be sufficient to supply power to 32 cities similar in size to Toronto for a year.  Thus, 
implementation of Solar Roadways system can result in possible reduction in the use of 
non-renewable energy resources as well as in the pollution caused while generating 
electricity. 
In a typical Solar Roadways system, vehicles move over the solar panels and these 
vehicles can cause shades over the solar panels.  Effect of these fast moving shades on 
the output of the solar panels and various other losses that are involved in the Solar 
Roadways application has been studied.   It was shown that the fast moving shades over 
the solar panels cause rapid fluctuations in the power output from the solar panels.  The 
total area covered by the shades and the total drop in the solar irradiance value falling 
over the solar panel are the major parameters which control the amount of energy lost in 
the system.  The speed with which the vehicle moves over the solar panels determines the 
period for which there is a reduction in the output from the solar panels.  In a typical solar 
panel, several other losses due to effects such as temperature, panel mismatch, tilt angle 
and inverter efficiency are present and these losses can add up to decrease the overall 
efficiency of the solar panel in producing electricity.  Hence, Monte Carlo uncertainty 
analysis is used to predict how the solar panels behave when the solar irradiance value 
are varied from the standard test condition value of 1000 W/m
2
.  When the solar 
irradiance value reaches higher than the standard test condition value, the output from the 
solar panel continued to be around its maximum output and did not undergo significant 
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increase.  However, when the solar irradiance values are lower than the standard test 
condition value, the output from the solar panel reduced drastically. 
One of the major hurdles in implementing the Solar Roadways system is to determine a 
material for the top cover of the solar panels, which can allow maximum amount of 
sunlight falling over them to reach the solar cells while possessing sufficient strength to 
take on the load of the vehicles moving over the solar panels.  Using COMSOL 
Multiphysics software, the load carrying capacity of the existing materials has been 
analyzed.  When the acrylic plastic material is selected for solar panel top cover, it 
resulted in failing to take the load of a typical truck and a car moving over it.  When the 
thickness of the solar panel is increased to 25.4mm, the material has been demonstrated 
to take on the load of a motorbike moving over it.  It is also found that the acrylic plastic 
is able to take on the load of a bicycle moving over the solar panel.  Based on the 
predictions, a solar panel for a bicycle lane is modeled with the same acrylic plastic as 
solar panel top cover.  
An energy harvesting system has been suggested using piezoelectric elements, which can 
absorb the strain produced in the solar panel top layer and produce electricity.  The 
efficiency of the energy harvesting system is improved by optimizing the physical 
locations of the piezoelectric elements, so that the proposed elements can absorb 
maximum strain energy from the solar panel top cover.  COMSOL Multiphysics software 
has been employed for optimizing the position of the piezoelectric elements.  The results 
from the COMSOL Multiphysics have been compared with the results obtained via 
experiments that simulate similar conditions.  The methodologies developed in the 
present thesis using COMSOL and vibration experiments are envisaged to play an 
important role in the predictions of optimal positions for the piezoelectric elements and 
for estimating the solar/harvester power ratio before implementing the systems under real 
conditions.  Further, in order to aid immediate implementation, a solar panel with 
piezoelectric elements has been modelled specifically to be used as part of a bicycle path. 
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6.2 Thesis contributions 
The contributions of this thesis centre primarily on quantifying the challenges involved in 
the implementation of Solar Roadways, analysing the typical extreme conditions the solar 
panels and the associated structures are subjected to.   The computational tools COMSOL 
Multiphysics and the PSpice software have been effectively employed for the numerical 
predictions together with suitable experimental validations.  These contributions can be 
summarized as follows: 
 A detailed study on the feasibility of  implementing the Solar Roadways system in 
Canada by covering total available road surfaces in Canada with solar panels 
demonstrated that the electricity generated from these solar panels are sufficient 
to supply power to 32 cities similar in size to Toronto for a year. 
 A methodology to study the effects of fast moving shades on the output of the 
solar panels has been developed using PSPICE and their outcomes are validated 
via experiments.   
 Using COMSOL Multiphysics software, the load carrying capacity of the existing 
materials to be used as panel cover is analyzed and this methodology is envisaged 
to aid future studies on the characteristics of future materials to be developed for 
the Solar Roadways application.   
 An energy harvesting method utilizing piezoelectric elements is proposed to 
harness the strain caused by the vehicles moving over the solar panel and this 
system can be used to overcome various losses in the solar panels for solar 
roadways application. A procedure for optimizing locations of piezoelectric 
elements, for the proposed energy harvesting system, and has been formalized 
using both COMSOL and experimental methods for future analysis. 
 With the present commercially available materials, a solar panel for the bicycle 
lane is proposed and its feasibility is tested using COMSOL Multiphysics.  This 
analysis is envisaged to aid the implementation of such a system in the near 
future. 
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6.3 Recommendations for future research 
Possible extensions to, and expansions upon, the research described in this thesis are: 
 This thesis demonstrated numerically the possible use of piezo-based energy 
harvesting and the prediction of optimal locations.  Experimental verification of 
piezo-based energy harvesting system on a typical solar panel can now be 
performed and the results shall be verified. 
 For the implementation of Solar Roadways system, further research is required in 
the development of a new material for the solar panel top cover which can take on 
the load and give sufficient traction for the moving vehicles and allow maximum 
sunlight to reach the solar cells.  The desirable material properties for the Solar 
Roadways solar panel top cover have been identified in this thesis. 
 With the development of new materials for the solar panel top cover, along with 
the stationary load of the vehicle over the solar panels, response to dynamic loads 
resulting from the vehicles also have to be analysed using COMSOL.  Such a 
study is expected to give more accurate predictions of the load carrying capacity 
as well as the energy available via the piezo-based energy harvesting system. In 
particular, these predictions can give a better insight into the failure due to 
fatigue. 
 It has been demonstrated in the thesis that materials that are commercially 
available at present when used as the panel top cover can withstand the load of a 
typical bicycle moving over the solar panel.   Hence, both solar as well as piezo-
based energy harvesting systems can be implemented in the immediate future for 
such a system.   
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Appendices 
Appendix A Maximum von Mises stress and displacement for various 
cases studied in the COMSOL analysis 
Figures from COMSOL Multiphysics analysis for different cases studied to analyze the 
load carrying capability of the selected commercially available material to be used as a 
top cover of the Solar Roadways solar panel are given below.   Acrylic plastic sheet with 
thickness 15mm and 25.4mm were analyzed for the load of car and motorbike moving 
over it.  Maximum von Mises stress and displacement due to the applied load are shown 
below. 
A-1 Load of a car over the solar panel top cover with a thickness of 
15mm 
The maximum von Mises stress, displacement and the location at which they occur due to 
the load of a car over the solar panel are given below: 
 
Figure A-1 Maximum von Mises stress for load of a car with a top cover thickness 15 
mm (at front wheel location of 5.5m) 
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Figure A-2 Maximum displacements for a load of a car with a top cover thickness 15 mm 
(at front wheel location of 5.5m) 
A-2 Load of a car over the solar panel top cover with a thickness of 
25.4mm 
The maximum von Mises stress, displacement and the location at which they occur due to 
the load of a car over the solar panel are given below: 
 
Figure A-3 Maximum von Mises stress for load of a car with a top cover thickness 25.4 
mm (at front wheel location of 5.5m) 
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Figure A-4 Maximum displacements for load of a car with a top cover thickness 25.4 mm 
(at front wheel location of 5.5m) 
A-3 Load of a motorbike over the solar panel top cover with a 
thickness of 15mm 
The maximum von Mises stress, displacement and the location at which they occur due to 
the load of a motorbike over the solar panel are given below: 
 
Figure A-5 Maximum von Mises stress for load of a motorbike with a top cover thickness 
15 mm (at front wheel location of 5m) 
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Figure A-6 Maximum displacements for load of a motorbike with a top cover thickness 
15 mm (at front wheel location of 5m) 
A-4 Load of a motorbike over the solar panel top cover with a 
thickness of 25.4mm 
The maximum von Mises stress, displacement and the location at which they occur due to 
the load of a motorbike over the solar panel are given below: 
 
Figure A-7 Maximum von Mises stress for load of a motorbike with a top cover thickness 
25.4 mm (at front wheel location of 5m) 
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Figure A-8 Maximum displacements for load of a motorbike on solar panel with a top 
cover thickness 25.4 mm (at front wheel location of 5m) 
 
Figure A-9 Maximum displacement for load of a motorbike on solar panel top cover 
(Increased Young’s Modulus of the top cover material) 
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A-5 Summary of results from COMSOL analysis 
All the results from COMSOL analysis for various load cases and a solar panel top cover 
thickness of 10mm are given below and the values shaded with yellow marks the 
maximum von Misses stress and maximum displacement. 
Table A-1 Maximum von Mises stress and displacement of vehicles used for COMSOL 
analysis 
X position 
of  
wheel(s) 
(m) 
Truck 
(Load due to rear wheels) 
Car 
(Load due to all wheels) 
Motorbike 
(Load due to all wheels) 
Maximum 
von Mises 
stress 
(N/m2) x 
10^9 
Maximum 
Displacement 
(m) 
Maximum 
von Mises 
stress 
(N/m2) x 
10^7 
Maximum 
Displacement 
(m) 
Maximum 
von Mises 
stress 
(N/m2) x 
10^7 
Maximum 
Displaceme
nt (m) 
2.1 0.752 0.0002 4.023 0.0000 0.940 0.0000 
2.2 0.986 0.0184 5.280 0.0010 1.740 0.0003 
2.3 1.090 0.0614 5.850 0.0033 1.950 0.0011 
2.4 1.100 0.1207 5.900 0.0065 1.980 0.0021 
2.5 1.270 0.1911 6.790 0.0102 2.305 0.0032 
2.6 1.380 0.2694 7.360 0.0144 2.318 0.0044 
2.7 1.500 0.3531 8.010 0.0189 2.720 0.0056 
2.8 1.570 0.4408 8.420 0.0236 2.885 0.0068 
2.9 1.700 0.5313 9.080 0.0285 2.875 0.0080 
3 1.640 0.6226 8.750 0.0333 2.982 0.0090 
3.1 1.590 0.7100 8.540 0.0380 2.778 0.0099 
3.2 1.620 0.7916 8.650 0.0424 2.920 0.0108 
3.3 1.740 0.8661 9.300 0.0464 2.944 0.0115 
3.4 1.710 0.9324 9.160 0.0499 3.060 0.0122 
3.5 1.688 0.9895 9.030 0.0530 3.049 0.0127 
3.6 1.820 1.0368 9.770 0.0555 3.309 0.0133 
3.7 1.778 1.0739 9.500 0.0575 3.211 0.0136 
3.8 1.780 1.1008 9.550 0.0589 3.230 0.0141 
3.9 1.679 1.1168 8.992 0.0598 4.262 0.0161 
4 1.720 1.1222 9.203 0.0601 4.199 0.0159 
4.1 1.781 1.1168 9.530 0.0598 4.013 0.0168 
4.2 1.750 1.1007 9.397 0.0592 3.196 0.0159 
4.3 1.780 1.0739 9.530 0.0605 4.303 0.0202 
4.4 1.800 1.0366 9.633 0.0608 4.542 0.0214 
4.5 1.740 0.9894 9.324 0.0580 4.530 0.0205 
4.6 1.700 0.9323 9.098 0.0611 4.703 0.0243 
4.7 1.635 0.8660 8.740 0.0523 4.690 0.0236 
4.8 1.680 0.7915 8.950 0.0612 4.580 0.0268 
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4.9 1.645 0.7098 8.730 0.0617 4.799 0.0276 
5 1.630 0.6224 8.640 0.0570 6.549 0.0395 
5.1 1.699 0.5316 8.970 0.0584 4.940 0.0276 
5.2 1.500 0.4407 8.355 0.0603 3.110 0.0157 
5.3 1.513 0.3530 8.450 0.0672 4.748 0.0287 
5.4 1.440 0.2693 8.577 0.0684 4.984 0.0281 
5.5 1.302 0.1910 11.700 0.0982 4.749 0.0278 
5.6 1.118 0.1207 9.090 0.0697 4.840 0.0273 
5.7 1.061 0.0614 11.700 0.0354 3.058 0.0136 
5.8 1.010 0.0183 8.967 0.0702 2.949 0.0131 
5.9 1.390 0.0002 8.970 0.0697 2.920 0.0126 
Table A-2 von Mises stress and displacement of bicycle used for COMSOL analysis 
X position of the 
one wheel (m) 
Bicycle 
(Load due to all wheels) 
Maximum von 
Mises stress 
(N/m2) x 10^7 
Maximum 
Displacement 
(mm) 
1.1 0.931 0.001 
1.2 5.564 0.080 
1.3 0.813 0.234 
1.4 0.922 0.400 
1.5 0.903 0.545 
1.6 1.030 0.647 
1.7 0.963 0.703 
1.8 1.050 0.704 
1.9 1.030 0.649 
2 0.949 0.545 
2.1 1.590 0.425 
2.2 1.520 0.508 
2.3 1.680 0.958 
2.4 1.750 1.403 
2.5 1.350 0.817 
2.6 1.550 0.971 
2.7 2.030 2.059 
2.8 2.060 1.988 
2.9 1.990 1.767 
3 1.420 0.817 
3.1 1.270 0.600 
3.2 1.480 0.467 
3.3 0.948 0.120 
3.4 1.610 0.002 
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Appendix B Input parameter information sheet of the scanning LDV 
For experimentally optimizing the position of piezoelectric elements used in the Solar 
Roadways energy harvesting system, scanning vibrometer system was used.  The input 
parameter information sheets of the scanning vibrometer system for the modal and the 
moving load analysis of the solar panel model are given below:  
B-1 Input parameter information sheet of the scanning vibrometer 
system for modal analysis of solar panel model 
 
 Scan Points 
  
 Total:                       199 
 Not measured:                0              0.0 % 
 Valid:                       0              0.0 % 
 Optimal:                     199            100.0 % 
 Over range:                  0              0.0 % 
 Invalidated:                 0              0.0 % 
 Disabled:                    0              0.0 % 
 Not reachable:               0              0.0 % 
 Hidden:                      0              0.0 % 
 ----------------------------------------------------------------
----- 
 Scanning Head:               PSV-I-400 LR  (OFV-505) 
 Junction Box:                PSV-E-401-M2-20 
 Acquisition Board:           Spectrum MI3025 
 ----------------------------------------------------------------
----- 
 General 
  
 Acquisition Mode:            FFT 
 Averaging:                   Complex 
 Averaging count:             10 
 PCA (MIMO):                  Not active 
 Cosine correction X:         Active 
 Cosine correction Y:         Active 
 ----------------------------------------------------------------
----- 
 Frequency 
  
 Bandwidth:                   400 Hz 
 Bandwidth from:              2 Hz 
 Bandwidth to:                400 Hz 
 ----------------------------------------------------------------
----- 
 Sampling 
  
 FFT Lines:                   200 
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 Sample frequency:            1.024 kHz 
 Sample time:                 500 ms 
 Resolution:                  2 Hz 
 ---------------------------------------------------------------- 
 Trigger 
  
 Source:                      Off 
 ---------------------------------------------------------------- 
 Channel Vibrometer (connected to Vibrometer 1) 
  
 Direction:                   +Z 
 Range:                       10 V 
 Coupling:                    DC 
 Impedance:                   1 MOhm 
 Quantity:                    Velocity 
 Calibration factor:          10e-3 (m/s)/V 
 Signal Delay:                5.85e-6 s 
 Filter Type:                 Band Pass 
 Quality:                     Very High 
 Cut-off Frequency 1:         10 Hz 
 Cut-off Frequency 2:         400 Hz 
 Int/Diff Quantity:           Velocity 
 Window:                      Hanning 
 Signal Enhancement:          Active 
  
 Channel Reference 1  
  
 Reference point index:       0 
 Direction:                   +Z 
 Range:                       200 mV 
 Coupling:                    DC 
 Impedance:                   1 MOhm 
 Quantity:                    Force 
 Calibration factor:          88.96 N/V 
 Signal Delay:                0 s 
 Filter Type:                 Band Pass 
 Quality:                     Very High 
 Cut-off Frequency 1:         10 Hz 
 Cut-off Frequency 2:         400 Hz 
 Int/Diff Quantity:           Force 
 Window:                      Hanning 
 Signal Enhancement:          Not active 
 ---------------------------------------------------------------- 
 Signal Enhancement            
  
 Speckle Tracking:            Active 
 Mode:                        Fast 
 ---------------------------------------------------------------- 
 Vibrometer 1 
  
 Type:                        OFV-5000 
 Tracking filter:             Off 
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 Velocity output 
  
 Range:                       10 mm/s/V 
 Low pass filter:             5 kHz 
 High pass filter:            Off 
 ---------------------------------------------------------------- 
 Function Generator 1 
  
 Type:                        MI 60xx 
 Signal:                      White Noise 
 Amplitude:                   1 V 
 Offset:                      0 V 
 ---------------------------------------------------------------- 
B-2  Input parameter information sheet of the scanning vibrometer 
system for moving load analysis of solar panel model 
Scan Points 
  
 Total:                       84 
 Not measured:                0              0.0 % 
 Valid:                       0              0.0 % 
 Optimal:                     84             100.0 % 
 Over range:                  0              0.0 % 
 Invalidated:                 0              0.0 % 
 Disabled:                    0              0.0 % 
 Not reachable:               0              0.0 % 
 Hidden:                      0              0.0 % 
 ---------------------------------------------------------------- 
 Scanning Head:               PSV-I-400 LR  (OFV-505) 
 Junction Box:                PSV-E-401-M2-20 
 Acquisition Board:           Spectrum MI3025 
 ---------------------------------------------------------------- 
 General 
  
 Acquisition Mode:            FFT 
 Averaging:                   Off 
 PCA (MIMO):                  Not active 
 Cosine correction X:         Active 
 Cosine correction Y:         Active 
 ---------------------------------------------------------------- 
 Frequency 
  
 Bandwidth:                   1 kHz 
 Bandwidth from:              1.25 Hz 
 Bandwidth to:                1 kHz 
 ---------------------------------------------------------------- 
 Sampling 
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 FFT Lines:                   800 
 Sample frequency:            2.56 kHz 
 Sample time:                 800 ms 
 Resolution:                  1.25 Hz 
 ---------------------------------------------------------------- 
 Trigger 
  
 Source:                      Off 
 ---------------------------------------------------------------- 
 Channel Vibrometer (connected to Vibrometer 1) 
  
 Direction:                   +Z 
 Range:                       10 V 
 Coupling:                    DC 
 Impedance:                   1 MOhm 
 Quantity:                    Velocity 
 Calibration factor:          100e-3 (m/s)/V 
 Signal Delay:                4.21e-6 s 
 Filter Type:                 Band Pass 
 Quality:                     Very High 
 Cut-off Frequency 1:         5 Hz 
 Cut-off Frequency 2:         400 Hz 
 Int/Diff Quantity:           Velocity 
 Window:                      Rectangle 
 Signal Enhancement:          Active 
  
 Channel Reference 1  
  
 Reference point index:       0 
 Direction:                   +Z 
 Range:                       10 V 
 Coupling:                    DC 
 Impedance:                   1 MOhm 
 Quantity:                    Force 
 Calibration factor:          88.96 N/V 
 Signal Delay:                0 s 
 Filter Type:                 Band Pass 
 Quality:                     Very High 
 Cut-off Frequency 1:         5 Hz 
 Cut-off Frequency 2:         400 Hz 
 Int/Diff Quantity:           Force 
 Window:                      Rectangle 
 Signal Enhancement:          Not active 
 ---------------------------------------------------------------- 
 Signal Enhancement            
  
 Speckle Tracking:            Active 
 Mode:                        Fast 
 ---------------------------------------------------------------- 
 Vibrometer 1 
  
 Type:                        OFV-5000 
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 Tracking filter:             Off 
  
 Velocity output 
  
 Range:                       100 mm/s/V 
 Low pass filter:             5 kHz 
 High pass filter:            Off 
 ---------------------------------------------------------------- 
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